Biophysical and biochemical characterization of hexacoordinate hemoglobins by Smagghe, Benoit Joel
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2007
Biophysical and biochemical characterization of
hexacoordinate hemoglobins
Benoit Joel Smagghe
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biochemistry Commons, and the Biophysics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Smagghe, Benoit Joel, "Biophysical and biochemical characterization of hexacoordinate hemoglobins" (2007). Retrospective Theses and
Dissertations. 15777.
https://lib.dr.iastate.edu/rtd/15777
Biophysical and biochemical characterization of 
hexacoordinate hemoglobins 
 
 
 
by 
 
 
Benoit Joel Smagghe 
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
 
Major:  Biochemistry 
 
Program of Study Committee: 
Mark S. Hargrove, Major Professor 
Jean-Louis Hilbert 
Ruben J. Peters 
Alan DiSpirito 
Michael Shogren-Knaak 
Jo-Anne Powell-Coffman 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2007 
 
Copyright © Benoit Joel Smagghe, 2007. All rights reserved. 

 

 2008
  
ii
TABLE OF CONTENTS 
 
ABSTRACT iv 
 
CHAPTER 1:  GENERAL INTRODUCTION 1 
Thesis Organization 5 
References 7 
 
CHAPTER 2:  SLOW LIGAND BINDING KINETICS DOMINATE FERROUS 
HEXACOORDINATE HEMOGLOBIN REACTIVITIES AND REVEAL 
DIFFERENCES BETWEEN PLANTS AND OTHER SPECIES.   13 
 
Abstract 13 
Introduction 14 
Materials and Methods 16 
Results 19 
Discussion 30 
References 35 
 
CHAPTER 3: ROLE OF PHENYLALANINE B10 IN PLANT NONSYMBIOTIC 
HEMOGLOBINS  48 
 
 
Abstract 48 
Introduction 49 
Materials and Methods 51 
Results 56 
Discussion 66 
Acknowledgements 70 
References 70 
 
CHAPTER 4: THE CONSERVED CYSTEINE E16 IN PLANT 
NONSYMBIOTIC HEMOGLOBINS REGULATES REVERSIBLE HISTIDINE 
HEXACOORDINATION 86 
 
Abstract 86 
Introduction 86 
Materials and Methods 89 
Results 93 
Discussion 101 
Acknowledgements 105 
References 105 
 
  
iii
CHAPTER 5: DIFFERENT OXYGEN AFFINITY BETWEEN EACH CLASS 
OF PLANT HEMOGLOBINS PREDICTS POSSIBLE DIFFERENT 
FUNCTIONS  121 
 
 
Abstract 121 
Introduction 122 
Materials and Methods 124 
Results 127 
Discussion 133 
Acknowledgements 137 
References 137 
 
 
CHAPTER 6: NO DIOXYGENASE ACTIVITY IN HEMOGLOBINS IS 
UBIQUITOUS IN VITRO, BUT LIMITED BY REDUCTION IN VIVO  151 
 
 
Abstract 151 
Introduction 152 
Materials and Methods 155 
Results 161 
Discussion 165 
Acknowledgements 168 
References 169 
 
 
 
 
CHAPTER 7: GENERAL CONCLUSIONS 182 
 
 
ACKNOWLEDGEMENTS 185 
 
 
 
  
iv
ABSTRACT 
 
Within the hemoglobin (Hb) superfamily, an unusual group called hexacoordinate 
hemoglobin (hxHbs) whose members are found in all living organisms is the subject of 
exciting studies since their discovery. They are named “hexacoordinate” because of 
reversible coordination of the sixth coordination site of the heme iron by a histidine side 
chain located in the heme distal pocket. Interestingly, hxHbs share high degree of 
similarity in their primary sequence and a common globin fold indicating that they might 
share a common role and that endogenous coordination might be an important part of 
their not yet characterized physiological function.  The characterization of their ligand 
binding mechanism and their biochemical activity are the first steps toward the 
understanding of their function. 
Using flash photolysis and rapid mixing methods, we measured the CO binding 
reactions for human, plant and bacterial hxHbs. The results obtained using our new model 
demonstrate that hexacoordination regulates, at different degree, the affinity constants for 
ligand binding. Plant hxHbs contain a conserved Phe at position "B10" (PheB10) that is 
near the reversibly coordinated distal HisE7.  We have investigated the effects of PheB10 
mutation on kinetic and equilibrium constants for hexacoordination and exogenous ligand 
binding in the ferrous and ferric oxidation states.  Our analyses reveal that PheB10 is a key 
regulatory element in hexacoordination.  
Phylogenetically, plant hxHbs are group into two different classes: class 1 and 
class 2. No reports comparing the oxygen affinity of plant hxHbs from different class are 
available. Therefore, we have determined all the components necessary to determine 
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accurately the oxygen affinity for class 1 and 2 hxHbs. Our results are the first evidence, 
that each class of plant hxHbs might have different functions in their respective 
environment. 
Despite considerable attention to these hxHbs, no clear physiological role(s) has 
been assigned to them in any species. One popular and relevant hypothesis for their 
function is NO dioxygenation. Therefore, we have tested different hxHbs for their 
abilities to scavenge NO. Based on in vitro analysis, we conclude that there is no 
characteristic that distinguishes hxHbs from other Hbs that could support their 
predisposal toward a role in NO scavenging. However, when comparing their ability to 
substitute for flavoHb (a known NO scavenger) in E. coli, Synechocystis hemoglobin is 
the only one to confer protection from NO in vivo while the other hxHbs and myoglobin 
fail in this function. The role of the CysE16 in plant hxHbs was also investigated as in 
human hemoglobin, the corresponding residus is involved in NO transport. Our results 
show clearly that CysE16 is not crucial for the NO dioxygenation activity but regulates 
reversible histidine hexacoordination. 
 In conclusion, the biophysical and biochemical characterization of several hxHbs 
presented here is an important contribution towards the understanding of hxHbs 
physiological function.  
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CHAPTER 1:  GENERAL INTRODUCTION 
 
The most common members of the hemoglobin (Hb) super family, known as text 
book example, are the hetero-tetrameric hemoglobin found in the red blood cells 
(erythrocytes) and myoglobin, a monomeric version of hemoglobin found in muscle 
tissue.  The function associated to those two proteins is well characterized.  Hemoglobin 
sequestered in the red blood cells, transports oxygen in the blood vessels and myoglobin 
primarily found in muscle, functions as an oxygen storage protein and facilitates its 
diffusion (1-3).  The early determination of their crystal structure (4, 5) in combination to 
incredible number of studies since several decades have made possible the functional 
characterization of those two proteins.  Hemoglobin and myoglobin studies have 
necessitated the development of techniques and tools that are still in used today for the 
study of other proteins function (6, 7).  Examples of techniques or concept extracted or 
adapted from the pioneer works on hemoglobins are found in all domains of modern 
science like molecular biology, biochemistry, biophysics or bioinformatics.  Therefore, 
works on hemoglobins have been and still are the solid foundations for the 
characterization of the structure-function relationship of scientists’ favorite proteins.  
Most peoples think about hemoglobins as the crucial proteins for life and the red 
color of our blood.  However, the last decade has seen the emergence of a new group of 
hemoglobin called “hexacoordinate hemoglobin” (hxHbs).  Members of this uncommon 
group have been isolated from organisms belonging to all living kingdoms (8-12).  This 
discovery, therefore, has rose many questions about their function, as studies revealed 
behaviors different from myoglobin and hemoglobin suggesting new functions for this 
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particular group of hemoglobins (13-23).  This dissertation presents the biophysical and 
biochemical characterization of hexacoordinate hemoglobins from human, plants and 
bacteria that will contribute to the elucidation of their physiological function. 
 
Characteristic of hemoglobins.  The “pentacoordinate” model.  Members of 
the hemoglobin super family can be describe as globular proteins displaying a typical 
globin fold where the heme b prosthetic group is covalently attached.  The globin fold is 
characterized by a polypeptide made of seven or eight α-helical segments. As shown on 
Figure 1A, the crystal structure of sperm whale myoglobin illustrates the eight α helices 
labeled A to H starting from the N-Term.  Also shown is the heme group localized in the 
heme pocket delimited by the EF corner and the E and F helices.  The heme is covalently 
linked to the protein via coordination of the heme iron by a conserved histidine side chain 
of the F helix (proximal side).  As convention a residue can be identified by its position in 
the amino acid sequence or by its position in a particular helix.  Therefore coordinating 
His can be called His93 or HisF8.  This notation is used through out the dissertation and 
residues of other Hbs will be called by its corresponding position in myoglobin structure.   
The heme prosthetic group is formed by the protoporphyrin IX group to which is 
bound a single iron atom (Figure 1B).  The iron atom has six coordination sites; a 
nitrogen atom from the pyrrole rings occupies four of them. The fifth site is coordinated 
by the HisF8 (or proximal His, Figure 1C); therefore hemoglobin and myoglobin are also 
called “pentacoordinate Hb”. The sixth and final site is free of coordination and is the 
place where ligand binding reactions occur (2).  On the distal side another His is present 
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(distal His or HisE7) but is incapable of heme iron coordination (Figure 1C), instead HisE7 
is responsible of the exogenous ligand stabilization via H-bonding (24).   
 The absorbance spectra shown in Figure 1D are typical of a pentacoordinate Hb.  
In the deoxy-ferrous form the spectrum shows two characteristic peaks.  One is present in 
the UV region (soret peak, ~430 nm), and the other one is present in the visible region 
(~560 nm).  In the liganted form, the soret peak is blue shifted (410-420 nm) and two 
characteristic peaks, the α and β bands are observed in the visible region.  Thus this 
spectrum indicates a six coordinated heme iron. 
 
 Hexacoordinate hemoglobins.  As member of the Hb super family, hxHbs also 
present the typical globin fold observed for myoglobin (Figure 2A).  The crystal structure 
of a plant hxHbs from rice (riceHb1) show clearly the conserved fold which is also 
composed of eight α-helices (Figure 2A).  The heme b prosthetic group is localized in the 
heme pocket, formed by the E and F helices, and is also covalently attached to the protein 
via coordination by the HisF8 (Figure 2B).  At this point nothing can distinguish 
hexacoordinate Hbs from pentacoordinate Hbs.  A closer look to the heme pocket of 
riceHb1 revealed coordination of the sixth heme iron binding site that is free in 
myoglobin (Figure 2B).  In hxHbs, the remaining sixth coordination site of the iron atom 
is endogenously coordinated by an amino acid side chain within the protein that is most 
of the time the distal His or HisE7, as it is for riceHb1 (Figure 2B, (18, 21-23)).  Because 
of this uncommon structural characteristic, among Hbs, these proteins have been named 
“hexacoordinate Hb”  
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 Characterization of hxHbs is facilitated by the typical deoxy-ferrous optical 
spectrum (Figure 2C).  As in ligand bound myoglobin a typical six-coordinated spectrum 
is observed.  However, the α and β bands are slightly blue shifted.  In riceHb1 (Figure 
2C), the α band is centered on 560 nm and the β band is centered on 530 nm.  As noted in 
Figure 2C, the α band is much stronger than the β band which is typical of heme iron 
coordination by an amino acid side chain in the ferrous form for all hxHbs.  The intensity 
of those two bands is also dependent of the degree of hexacoordination (16). 
 Hexacoordination of the heme iron is a common feature found in other heme 
proteins like the cytochromes.  Cytochrome b5 is one of them and contains the heme b 
prosthetic group with a six-coordinated iron.  As in riceHb1, perpendicular coordination 
by a proximal and a distal His side chain, that linked the heme b to the protein, is 
observed (Figure 2D).  However, the distal His is permanently bond to the iron making 
cytochromes b5 incapable of ligand binding.  This feature, therefore distinguishes the 
hxHbs from other bis-histidyl heme proteins like cytochrome b5 as coordination by the 
distal His in hxHbs is reversible.  Thus, the hxHbs are capable of exogenous ligand 
binding.  
 
 Ligand binding in hxHbs, as a results of hexacoordination is much more complex 
than the simple bimolecular reaction characterized for the pentacoordinate Hb.  Despite 
competition between exogenous ligand (O2, CO or NO) and endogenous ligand (HisE7) 
for the ligand binding site, hxHbs are able to reversibly bind heme ligands with an 
unprecedented high affinity.  Even thought, hxHbs from any living kingdoms have been 
extensively studied during the last decade, no clear function has been characterized yet 
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neither the molecular details of the hexacoordination mechanism (9, 10, 25).  While many 
functions have been proposed (6, 10, 26-29), and we know that Hbs are able to do many 
biochemical reactions, a important function as NO dioxygenase appear to be common 
and present studies focus on this activity (30-33).  In addition, all studies concluded that 
regulation of hexacoordination in hxHbs is an important part of their hypothetical 
physiological function (16, 34-36).  Therefore, works directed towards the understanding 
of hexacoordination reaction and regulation, and characterization of hxHbs biochemical 
activities are needed to elucidate their function in their respective environment.  The 
chapters presented in this dissertation described studies conducted in this way. 
  
Thesis organization. 
 
Following the introduction, Chapter 2 is a kinetic analysis of different hxHbs, 
from human, plants and from a cyanobacterium. This work was published in 
Biochemistry 1, and described the method for the kinetic study of hxHbs using stopped-
flow experiments.  A kinetic model is presented that describes the multiphasic kinetic 
traces for ligand binding by introducing for the first time the possible fast reaction to a 
pentacoordinate fraction that is dependant of the degree of hexacoordination.  I conducted 
all the kinetic experimental work, (except ligand binding to SynHb initiated by flash 
photolysis) and expressed many of the proteins used in the study. RiceHb2 was express 
and purified by Emily Ross from professor Gautam Sarath laboratory (Nebraska Lincoln), 
The derivation of the equations used to describe the ligand binding reactions were done 
by Mark Hargrove.  
                                                 
1 Biochemistry (2006) 45, 561-570. Copyright 2006 American Chemical Society. 
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Chapter 3 is an application of our kinetic model of hxHbs ligand binding.  This 
work was published in Biochemistry 1 and identified the effect of PheB10 on 
hexacoordination and ligand binding in riceHb1.  This is the result of teamwork from past 
and present members of the Hargrove laboratory. I did all CO stopped-flow experiments 
and most of autooxidation data collection that was initiated by Theodore Weiland. Suman 
Kundu and myself collected CO flash photolysis data. Suman was also responsible for the 
collection of the CO-FTIR spectra.  Puspita Halder and Anand Venugopal did 
electrochemistry experiments.  Julie Hoy solved the crystal structure of the two B10 
mutants proteins presented in this chapter.  Andrea Savage, Matthew Goodman, Scott 
Premer and myself were responsible for protein expression and purification.  I also 
prepared all the figures shown in this chapter.  The derivation of the equations used in 
electrochemistry experiments was done by Mark Hargrove.  
Chapter 4 is a full biochemical and biophysical characterization of a riceHb1 
mutant protein, where an Ala replaced the CysE16.  We choose to investigate the effect of 
this mutation, as this particular Cys is conserved in all plant hxhbs and it might be 
involved in nitric oxide detoxification.  A manuscript is in preparation. 
Chapter 5 is a kinetic study of plant non-symbiotic hxHbs belonging to different 
classes and a comparison of the oxygen affinity between each class.  I generated all 
kinetic data and all proteins, Suman Kundu collected the CO-FTIR spectra, Jean-Louis 
Hilbert gave us the constructs for the chicory hxHbs and Julie Hoy and myself solved the 
crystal structure of Hbm1.  A manuscript is in preparation. 
                                                 
1 Biochemistry (2006) 45, 9735-9745. Copyright 2006 American Chemical Society. 
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Chapter 6 presents the study of the hxHbs activity toward nitric oxide.  As nitric 
oxide scavenging is the most popular function for hxHbs we have analyzed the in vitro 
reactions of nitric oxide with both Hb’s oxidation states.  In addition, we are presenting 
the effect of heterologous expression of hxHbs, after treatment with a NO releaser, in an 
E. coli strain incapable of NO detoxification.  James Trent has contributed in the 
redaction of the manuscript that has been submitted to the Journal of biological 
chemistry.  
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Figure 1: Pentacoordinate hemoglobin.  A. Crystal structure of sperm whale 
myoglobin (2MBW.pdb). The characteristic globin fold is composed of eight helices 
labeled A through H, from the N- to C-termini.  The heme b is bound in a pocket form by 
the E and F helices. B. Heme b structure. The heme consist of the protoporphyrin IX 
group to which is bound an iron atom. The iron as six coordination sites, four are bonded 
to nitrogen atoms from the pyroles ring of the porphyrin group and two are perpendicular 
to it. C. Heme pocket of myoglobin. The heme iron is coordinated by a conserved 
histidine (HisF8) in the proximal side. Another histidine (HisE7) on the distal side is not 
coordinated the heme iron. E7 and F8 correspond to the position of the residue in the 
helice, E7 is the seventh amino acid of the E helice. D. Ferric and ferrous optical spectra 
of horse heart myoglobin. In the ferrous visible spectrum, the single peak centered around 
560 nm, is characteristic of pentacoordinate Hb (inset). 
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Figure 2: Hexacoordination of the heme iron.  A.  Crystal structure of the plant 
nonsymbiotic hemoglobin from rice, riceHb1 (1D8U.pdb).  The characteristic globin fold 
is conserved.  B.  Heme pocket of riceHb1 (1D8U.pdb). Compare to myoglobin, the sixth 
heme iron binding site is coordinated on the distal side by a histidine side chain (distal 
His or HisE7).  C.  Ferric and ferrous optical spectra of riceHb1. In the ferrous visible 
spectrum, two peaks corresponding to the α and β bands are characteristic of 
hexacoordinate Hb (inset).  D.  Heme pocket of cytochrome b5 (1CYO.pdb).  As for 
riceHb1, the heme iron is hexacoordinate.  
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CHAPTER 2:  SLOW LIGAND BINDING KINETICS DOMINATE FERROUS 
HEXACOORDINATE HEMOGLOBIN REACTIVITIES AND REVEAL 
DIFFERENCES BETWEEN PLANTS AND OTHER SPECIES. 
 
A paper published in Biochemistry 1 
Benoit J. Smagghe, Gautam Sarath, Emily Ross, Jean-louis Hilbert and Mark S. Hargrove 
 
ABSTRACT 
Hexacoordinate hemoglobins are found in many living organisms ranging from 
prokaryotes to plants and animals. They are named “hexacoordinate” because of 
reversible coordination of the heme iron by a histidine side chain located in the heme 
pocket. This endogenous coordination competes with exogenous ligand binding and 
causes multi-phasic relaxation time courses following rapid mixing or flash photolysis 
experiments. Previous rapid mixing studies have assumed a steady state relationship 
between hexacoordination and exogenous ligand binding that does not correlate with 
observed time courses for binding. Here we demonstrate that this assumption is not valid 
for some hexacoordinate hemoglobins, and that multi-phasic time courses are due to an 
appreciable fraction of pentacoordinate heme resulting from relatively small equilibrium 
constants for hexacoordination (KH). 
CO binding reactions initiated by rapid mixing are measured for four plant 
hexacoordinate hemoglobins, human neuroglobin and cytoglobin, and Synechocystis 
hemoglobin. The plant proteins, while showing a surprising degree of variability, differ 
from the others in having much lower values of KH. Neuroglobin and cytoglobin display 
                                                 
1 Biochemistry (2006) 45, 561-570. Copyright 2006 American Chemical Society. 
  
14
dramatic biphasic time courses for CO binding that have not been observed using other 
techniques. Finally, an independent spectroscopic quantification of KH is presented that 
complements rapid mixing for the investigation of hexacoordination. These results 
demonstrate that hexacoordination could play a much larger role in regulating affinity 
constants for ligand binding in human neuroglobin and cytoglobin than in the plant 
hexacoordinate hemoglobins. 
 
INTRODUCTION 
Hemoglobins (Hbs) with diverse functions are present in all kingdoms of life (1-
3). Oxygen transport in many animals and in the root nodules of nitrogen fixing plants is 
facilitated by "pentacoordinate" hemoglobins with open heme-iron sites that favor 
unhindered reversible oxygen binding (4). Plants, animals, and some cyanobacteria also 
contain Hbs that differ from traditional oxygen transport proteins because of a common 
structural feature; a histidine side chain reversibly binds to the sixth coordination site of 
the heme iron in both the ferric and ferrous forms of each protein (5-7). For this reason, 
these proteins have been termed "hexacoordinate" Hbs (hxHbs). While hxHbs can bind 
oxygen and other exogenous ligands, kinetic and equilibrium analysis of the reactions is 
much more complex than the bimolecular reactions observed with pentacoordinate Hbs 
due to competition from intramolecular coordination of the binding site. While many 
functions have been proposed for hxHbs from different organisms, and they have the 
biochemical capabilities to perform many reactions (4), no clear role has yet been 
supported to the exclusion of others (6, 8-12). 
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A basic understanding of ligand binding in hxHbs is important in order to 
understand their potential physiological functions, and methods have been developed to 
characterize their kinetic and equilibrium properties (13-15). Flash photolysis and rapid 
mixing have been used to examine ligand binding kinetics in many hxHbs, and both 
techniques have revealed multi-phasic time courses for oxygen and carbon monoxide 
binding that cannot be accounted for using simple reaction models. In an effort to extract 
useful binding constants, it has been necessary to disregard heterogeneity in reaction time 
courses (6, 11, 12, 16, 17). For this reason, different binding constants have been reported 
for some hxHbs that are dependent on how the reactions are initiated, or on what time 
scales the reaction time courses are analyzed (16, 17).  
At room temperature, ligand binding to pentacoordinate Hbs is normally 
monophasic. The bimolecular rate constants observed do not depend on whether rapid 
mixing or flash photolysis is used to initiate the reaction. Due to this simplicity, kinetic 
rate constants can be used with confidence to calculate equilibrium constants. However, 
due to the complexity of reactions in hxHbs, this assumption is tenuous. Kundu et al. (14) 
were unable to reconcile equilibrium constants with kinetic measurements for plant and 
bacterial Hbs, but Hamdane et al. and Weber et al. have found more success with Ngb (9, 
18). Trent et al. (17) attempted to formulate a molecular model to account for 
heterogeneous, slow ligand binding to plant and bacterial hxHbs following rapid mixing. 
This model proposed a "closed", unreactive form of the protein that accounts for the 
majority of ligand binding in some cases, but in most others the binding time courses are 
much slower than expected from flash photolysis experiments. Therefore, the kinetic 
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events that reveal equilibrium constants for hexacoordination and exogenous ligand 
binding are still uncertain for many hxHbs. 
An understanding of the relationship between kinetics and equilibrium binding is 
necessary to evaluate potential functions of hxHbs. Presented here is a methodical 
analysis of hxHbs from plants, animals, and cyanobacteria that compares results from 
flash photolysis and rapid mixing experiments to a quantitative independent measurement 
of equilibrium constants for hexacoordination. Our results propose a better model to 
account for multiphasic ligand binding following rapid mixing, and demonstrate that 
plant hxHbs have distinctly lower equilibrium constants for hexacoordination than their 
vertebrate and cyanobacterial counterparts. 
 
MATERIALS AND METHODS 
Recombinant protein production and purification. Maize hemoglobins (Zea 
mays ssp. Mays) Hbm1 and Hbm2 (GeneBank accession number: DQ171946), SynHb 
and Ngb cDNAs were cloned into the expression vector pET28a (Novagen) for 
recombinant protein production. All proteins were expressed by the host strain BL21 Star 
DE3 (Invitrogen) except for Ngb, which was expressed by the host strain C41 (Avidis) in 
a fermentation apparatus described previously (17). The expression media consisted of 20 
liters of Terrific Broth supplemented with 50 μg/ml kanamycin and 1ml antifoam 
(Sigma). The strain was cultured at 37°C with O2 (0.5 l/min) for 18 hours without 
induction before being harvested by centrifugation (6000 rpm for 4 min). After cell lysis, 
the proteins were purified by a two-step process: 1) ammonium sulfate fractionation (35-
40 and 90%), and 2) immobilized metal affinity chromatography (BD TALON™, 
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Clontech). Finally the protein solutions were dialyzed into 10 mM Tris, pH 7.0. The 
purification efficiency was analyzed with SDS-polyacrylamide gel electrophoresis and 
spectroscopic analysis of Soret/280 nm ratios (Hewlett Packard diode array). The other 
proteins were expressed and purified as described previously (5, 19, 20). 
 
Kinetic experiments. Flash photolysis was used to measure the bimolecular CO 
association rate constant as described previously (13). CO and methyl isocyanide 
(MeICN) binding measured by rapid mixing using a BioLogic SFM 400 stopped-flow 
reactor coupled to a MOS 250 spectrophotometer. In a typical experiment, two syringes 
were used: one containing the protein solution in deoxygenated buffer and the other 
containing a N2 equilibrated solution, a CO solution, or a MeICN solution. Both syringes 
contained 100 µM sodium dithionite. A deoxy-ferrous spectrum was first recorded by 
mixing 150 μl of the protein solution and 150 μl of the N2 solution. Kinetics time courses 
were collected at different ligand concentrations by recording the change in absorbance at 
a fixed wavelength (the Soret maximum, typically 417 nm). At least three kinetic traces 
were collected and averaged. After the final collection, the final ligand-bound spectrum 
of the sample was collected. 
All rapid mixing experiments were conducted at 20°C in 100 mM potassium 
phosphate pH 7.0. Data analysis and generation of figures employed the software Igor 
Pro (Wavemetrics, Inc). Equation 2 of the results section is discussed extensively as that 
used for fitting rapid mixing time courses. The form of this equation used in Igor Pro is as 
follows: 
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This fitting equation results from Equation 2 by substituting FH = KH/(1+KH), FP = 1-FH, 
and KH = kH/k-H as described in the first part of the Results section. Reactions with plant 
hxHbs exhibited a slower time course of ~ 1 s-1 for ~ 5% of their respective changes in 
absorbance. This small fraction of slow binding is addressed in the discussion section. 
The “closed phase” model equation from Trent et al. used in Figure 2C is calculated 
using the following equation (as described previously (17)):  
 
kobs,C = k− HkOk ' L[L]kHk− O + kO[k− H + kH ] + [kO + k−O + k− H ]k ' L[L]  
 
UV-Visible spectroscopy. A Varian Cary 50 spectrophotometer was used for the 
imidazole titration of the leghemoglobin mutant H61A. This mutant protein was chosen 
for the calibration of spectral changes accompanying fractional hexacoordination because 
it readily binds imidazole in the ferrous form, thus mimicking hxHbs. The titration was 
conducted by adding imidazole to the sodium dithionite-reduced protein in 100 mM 
potassium phosphate pH 7.0 to achieve concentrations ranging from 0.02 mM to 1.6 mM. 
The curve in Figure 7B is fitted to the following equation to extract KD: 
 
  
19
F H = [ imidazole ]K D +[ imidazole ]
 
 
RESULTS 
Kinetic considerations. The reaction associated with exogenous ligand binding 
to hxHbs is shown in Scheme 1. 
Hb H ←
→
k H
k − H
Hb P →
k ' L [ L ]
Hb L     Scheme 1 
By assuming a steady state equilibrium between HbH and HbP one can derive the 
following equation for the observed rate of the reaction (21). 
 
k obs ,CO = k − H k CO
' [ CO ]
k H + k − H + k CO' [ CO ]   Equation 1. 
 
This equation predicts an asymptotic approach of kobs to k-H as k'CO[CO] becomes large 
compared to k-H and kH, and a linear relationship between kobs and CO when k'CO[CO] << 
k-H and kH. The equality of this later relationship is kobs = k'CO[CO]/(1+KH) where KH = 
kH/k-H. Under either circumstance, Equation 1 predicts a time course exhibiting a single 
exponential phase. These ideas in relation to Equation 1 have been discussed previously 
(6, 12, 13, 16, 22). 
However, previous analyses have not considered the situation in which an 
appreciable fraction of HbP is present while k'CO[CO] >> k-H and kH. Under these 
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circumstances, two phases are expected in the reaction time course as described by 
Equation 2. 
 
ΔA obs = ΔAT ( FP e − kCO' [ CO ]*t +FH e − k obs ,CO' [ CO ]*t )  Equation 2. 
 
In this equation, ΔAobs is the observed time course for binding, k'obs,CO is calculated from 
Equation 1, the fraction of HbP and HbH are denoted FP and FH, FH = KH/(1+ KH), and FP 
+FH = 1. ΔAT is the total change in absorbance expected for the reaction (calculated 
independently from the ligand-free and ligand-bound forms of the protein). Equation 2 
predicts bi-exponential behavior with a fraction of ΔAT associated with CO binding to FP, 
and a fraction associated with binding to the hexacoordinate species FH. The CO 
concentration dependence of the rate constant describing the reaction with FP (k'CO) is 
linearly dependent on [CO], while that of the reaction with FH would follow Equation 1 
(as the second term of Equation 2). 
Three kinetic scenarios are possible for ligand binding to hxHbs in light of this 
idea. They are discussed here in terms of CO binding but are general for any exogenous 
ligand. 
1) FP is appreciable (KH < 10) and k'CO[CO] >> k-H and kH. Two exponential phases 
are expected according to Equation 2. The fast phase will be linearly dependent on [CO] 
and the slow phase equal to k-H. The fraction of ΔAobs associated with the slow phase will 
be equal to FH, facilitating calculation of KH from KH = FH/(1-FH). If k'CO[CO] is greater 
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than the dead time of the mixing apparatus, ΔAobs will be smaller than ΔAT (due to loss of 
the bimolecular phase in the mixing dead time), and ΔAobs/ΔAT = FH.  
2) FP is not appreciable (KH > 10) and k'CO[CO] >> k-H and kH. Under these 
circumstances ΔAobs will be equal to ΔAT for all [CO]. A single exponential phase will be 
observed that is equal to k-H. 
3) k'CO[CO] is not >> k-H and kH. Equation 1 (or the second term of Equation 2) 
describes binding under these conditions, as the bimolecular reaction is not fast enough to 
sample the relative populations of HbP and HbH, and the reaction is truly steady state in 
HbP. Time courses will be single exponential and dependent on [CO] as described for 
Equation 1. 
With Equation 2 and these scenarios in mind, a set of binding time courses that 
vary in [CO] can, in some cases, define k-H, kH, and KH by examining not only the 
observed rate constants but also the change (or loss) in amplitude associated with the 
reaction. At very least they can elucidate the relationship between rate constants 
described in each kinetic scenario. 
 
CO binding to SynHb. Ligand binding time courses following flash photolysis of 
CO-bound SynHb are clearly biphasic, with both phases dependent on CO concentration 
(Figure 1A) (16). When initiated by flash photolysis, the reaction is over in less than 0.1 
second. We have shown previously that integration of Scheme 1 (with Hbtotal = HbP at t = 
0) predicts two phases of rebinding following flash photolysis (13). Using this method 
and analyzing the two phases shown, rate constants for k'CO, kH and k-H were assigned as 
90 µM-1s-1, 4,200 and 930 s-1 by Hvitved et al. (16). 
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 An alternative method of initiating the binding reaction is rapid mixing in a 
stopped flow apparatus. Time courses for CO binding to SynHb following rapid mixing 
are shown in Figure 1B. In contrast to Figure 1A, these reactions require over a second to 
reach completion at lower [CO]. In light of Equation 2, the first point to notice about this 
collection of time courses is that each one is largely singe exponential and exhibits the 
complete expected amplitude for the reaction (this is consistent with Kinetic Scenarios 2 
and 3). The fact that the observed rate constants increase with CO is consistent only with 
Scenario 3, in which k'CO[CO] is not so large as to remove the concentration dependence 
from Equation 1. The rate constants extracted from these time courses are plotted versus 
[CO] in Figure 1C. The values approach an asymptote of ~ 14 s-1. If the values of kH and 
k'CO are fixed from analysis of flash photolysis data, the solid curve in Figure 1C results 
from a fit to Equation 1 with k-H as the fitted variable. These values are reported in the 
inset to Figure 1C and in Table 1. 
  
CO binding in plant hxHbs: riceHb1. Heterogeneous CO binding in hxHbs first 
focused on a plant hxHb from rice (riceHb1) (13, 14). Like SynHb, multiphasic ligand 
binding time courses following flash photolysis are observed and hexacoordination rate 
constants have been calculated from that experiment (13). Extensive analysis of CO 
binding to riceHb1 following rapid mixing was also reported in an effort to explain multi-
phasic time courses (17). The model resulting from the previous rapid mixing study 
implicated a "closed", unreactive form of the protein to explain aspects of the binding 
time course that were not expected from the flash photolysis results. However, the 
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"closed-form" model could account for only ~ 60 % of the binding time course for 
riceHb1 at low [CO], and even less for higher [CO] and other hxHbs. 
Here we demonstrate that Equation 2 provides a better interpretation for analysis 
of binding time courses initiated by rapid mixing. Figure 2A shows time courses for CO 
binding to riceHb1 (from 12.5 to 500 μM) with the y axis normalized to the expected 
change in absorbance (ΔAT = 1). The early parts of these time courses are shown in 
expanded detail in Figure 2B. It is evident that there is a fast phase for binding that results 
in amplitude lost in the dead time of the reaction at higher concentrations of CO. This 
behavior is consistent with the Scenario 1 predicted by Equation 2 with k'CO[CO] 
approaching the dead time of the reaction. 
At the highest [CO], kobs = 40 s-1 which is ~ k-H. With this value, and k'CO fixed at 
6.8 µM-1s-1 (from flash photolysis (13, 23)), each time course can be fit to Equation 2 
with kH as the fitted parameter, yielding a value of 75 s-1. As noted in the Methods 
section, the formulation of Equation 2 is affected by kH in the second exponential term 
(as part of Equation 1), and in defining the relative amplitudes associated with binding to 
FP and FH. Thus, if ΔAobs ≠ ΔAT (as in this case), definition of kH is very robust as it 
results from two independently measurable aspects of each time course. 
A comparison of the ability of Equation 2 and the previous "closed phase" model 
(17) to account for these time courses is provided in Figure 2C (this fitting equation is 
provided in the Methods section). The fitted curves are calculated from the rate constants 
provided in Trent et al. (17). The poor fit at longer time scales and higher [CO] was an 
admitted weakness of this model, and is drastically improved by fitting to Equation 2 
(Figures 2A and B). Therefore, the ability of Equation 2 to account for FP provides a 
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much better fit to, and a simpler mechanistic explanation for multiphasic time courses for 
ligand binding than the previous model. An additional benefit is the ability of Equation 2 
to exploit lost amplitude in the reaction to provide an independent estimate of KH. 
 
CO binding to RiceHb2. Rice (Oryza sativa) contains at least two Hbs, which 
share 92 % identity. Here we use the methods described above to measure CO binding to 
riceHb2 to address the question of whether or not its properties are like those of riceHb1. 
Unlike riceHb1, riceHb2 exhibits single-exponential CO rebinding following flash 
photolysis (Figure 3A). A single-exponential decay is used to fit the CO binding time 
courses and a rate constant (kobs) is extracted for each [CO]. The plot of kobs versus [CO] 
is shown in Figure 3B, and the slope of the linear fit gives us k’CO equal to 1.8 μM-1s-1. 
These results suggest kH << k'CO[CO] such that very little competition for CO rebinding is 
provided by the internal His side chain (13). 
 However, CO binding following rapid mixing is more complex (Figure 3C and 
D). Quantification of the time courses requires at least two exponential terms, and only a 
fraction (0.3) of ΔAT (Figure 3D) is observed at higher [CO]. As was the case for 
riceHb1, this behavior cannot be simply explained by the reaction model leading to 
Equation 1 but is readily interpreted using Equation 2 and Scenario 1. Therefore, from the 
fraction of slow phase remaining (0.3), and the rate constant extracted from this time 
course (15 s-1), we obtain KH and k-H, respectively. The rest of the reaction is due to FP 
reacting rapidly (at least compared to kH) with CO. The lost amplitude at higher [CO] 
results from k'CO[CO] approaching the reaction dead time, while at lower [CO] the full 
amplitude is observed. With k'CO measured from flash photolysis, and with KH and k-H 
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measured at high [CO] by rapid mixing, kH can be extracted from fits of Equation 2 to 
each time course in Figure 3D. These are the values for each rate constant that give rise to 
the fitted curves shown in this Figure and in Table 1. 
 
CO binding to maize Hbs (Hbm1 and Hbm2). Like rice, maize (Zea mays ssp. 
mays) contains two hxHbs that share 60 % identity with each other and between 80 % 
(Hbm1) and 60% (Hbm2) identity with the hxHbs from rice. In the case of Hbm1, the 
time courses for CO binding following flash photolysis fit to single exponential decays 
similar to those of riceHb2. The plot of kobs versus the [CO] is shown in Figure 4A. The 
slope of the linear fit is the CO bimolecular rate constant (k’CO) and is equal to 1.4 μM-1s-
1. When the reaction is monitored by rapid mixing, the results are again comparable to 
riceHb1 and riceHb2, showing loss of amplitude as [CO] increases (Fig 4C). As [CO] is 
increased (up to 500 μM), the observed amplitudes decrease (~50%) indicating that the 
hexacoordinate fraction is equal to 0.5, with a KH=1. The values for kH and k-H resulting 
from this analysis fall between those of the two rice proteins (Fig 4C, Table 1). 
 Results from analysis of Hbm2 are shown in Figure 5. Surprisingly, Hbm2 
exhibits a significantly larger bimolecular rate constant for CO binding (Fig 5A). The 
value of 44 μM-1s-1 is closer to that of SynHb than the other plant hxHbs. This rate 
constant is one of the fastest among plant hxHbs, and is comparable to human Ngb (6). 
With such a large value of k'CO one would expect a significant loss in amplitude in the 
mixing experiment if FP were appreciable. However, Figure 5B and C show that this is 
not the case. ΔAT for the reaction at this concentration of protein is shown in Figure 5B to 
be 0.22. The observed amplitudes range from 0.2 to 0.15, coalescing at the lower value at 
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higher [CO]. kobs at the highest [CO] is 43 s-1, which is assigned to k-H. This value, in 
combination with k’CO = 44 μM-1s-1, was fixed in Equation 2 and used to fit the time 
courses in Figure 5C to extract at value of 19 s-1 for kH. The value of KH resulting from 
these rate constants is 2.3, indicating FH equal to 0.7. Under these circumstances, FH 
multiplied by ΔAT should (and does) equal ΔAobs, which is 0.15 at all [CO]. 
 
Ligand binding in human hxHbs. We have demonstrated in the previous 
sections that Equation 2 provides a superior explanation for complex time courses for 
ligand binding to plant and cyanobacterial hxHbs following rapid mixing. From reaction 
Scheme 1, only two exponential phases are expected for ligand rebinding following flash 
photolysis. However, multi-phasic, heterogeneous time course have been reported for the 
human hxHb Ngb that have led to confusion in the analysis of ligand binding in this 
protein. For example, Trent et al. (6) and Dewilde et al. (12) reported comparable values 
of kH and k'CO for Ngb, but the value of k-H reported by Trent et al. was ~ 1,000 times 
faster than that reported by Dewilde et al. Both groups used flash photolysis for analysis, 
and both saw heterogeneity on fast time scales. Others have also reported multiphasic 
ligand rebinding following flash photolysis (9, 10, 12, 24). 
Here we are interested in using rapid mixing and Equation 2 to analyze ligand 
binding to the two human hxHbs, Ngb and Cgb, to reconcile these differences. Analysis 
of the faster phases of binding (as in Trent et al. (6)) yields a larger value of k-H, and thus 
a smaller value for KH and FH. Alternatively Dewilde et al. (12) and Nienhaus et al. (11) 
focused on slower binding and reported slower values of k-H and larger values of KH. The 
experiments reported here are ideally suited to distinguish between these two 
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possibilities. If KH is large (and kH slow), rapid mixing time courses should be 
independent of [CO] and fit to a single exponential term, thus appearing more similar to 
those for Hbm2 in Figure 5 (conforming to Scenario 2). If KH is smaller (and kH faster), 
the collection of data should more closely resemble that of the other plant hxHbs 
(conforming to Scenario 1). 
Figures 6A and B show CO binding following rapid mixing to Ngb and Cgb, 
respectively, with the ordinate axes normalized to ΔAT for the reaction. For both proteins, 
the expected ΔAT is observed at each [CO]. However, the time courses are markedly 
biphasic. Ngb time course fit to 2.3 s-1 (70%) and 0.2 s-1 (30%), and Cgb to 0.5 s-1 (70%) 
and 0.085 s-1 (30%). To demonstrate the necessity of the biphasic fits, single exponential 
time courses simulating 100% fast (dashed) and 100% slow phase (dotted) binding for 
each protein, respectively, are included in Figures 6A and 6B. 
As time courses are the same at each [CO], and ΔAobs = ΔAT, these data support 
Scenario 2 for both proteins. The rate constants observed at each [CO] for Ngb and Cgb 
are thus best interpreted as k-H. The value reported here for Ngb is much closer to that 
reported by Dewilde et al. (12) (4.5 s-1) than that reported by Trent et al. (6) However, 
neither previous study revealed the fraction of binding occurring at < 1 s-1 that accounts 
for 30 % of the reaction time course, and the second phase of binding is not expected 
with Scenario 2. One possible explanation for these two fractions is the potential of both 
Ngb and Cgb to form internal disulfide bonds, and that the different fractions reflect the 
relative populations of oxidized and reduced protein. Hamdane et al. (9) reported that 
treatment of Ngb with DTT decreases k-H (as measured by flash photolysis) to 0.6 s-1. 
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They also reported a "similar effect" in Cgb but with a smaller magnitude. An 
investigation of this possibility for both proteins using rapid mixing is shown in Figures 
6C and D. 
After a treatment of 24 hours at 4 °C with 10 mM DTT (as described by Hamdane 
et al. (9)), the protein solutions were reacted with 1 mM CO. The resulting time course 
for Ngb is indeed slower, but still exhibits two different phases of binding with nearly 
equal amplitudes. Surprisingly, the time course for DTT reduced Cgb is faster and more 
monophasic than the untreated sample. Therefore, these results for Ngb are consistent 
with a disulfide bond affecting binding kinetics as described by Hamdane et al. (9), but 
this is not the cause of biphasic time courses observed for each protein. Furthermore, the 
direction of the subtle shift in k-H for Cgb resulting from DTT shown here is opposite to 
that reported by Hamdane et al. (9). 
 
Reactions with other lignads. All of the reactions measured so far have been CO 
binding to the ferrous form of each protein. To be sure that this behavior is not specific to 
this ligand, we used methyl isocyanide (MeICN) as ferrous ligand that, like CO, binds in 
the presence of sodium dithionite (25). These reactions were conducted with Ngb and 
Cgb because their time courses should be completely limited by k-H, and thus 
independent of ligand concentration and the k'L value specific to each ligand. As shown in 
the inset of the Figures 6A and 6B, no significant differences in ligand binding were 
observed for MeICN binding to Ngb and Cgb compared to CO. In both cases, two phases 
were observed with only minimal differences in the fractions of each phase compared to 
those for CO binding. Therefore, these experiments support assignment of the kobs 
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following rapid mixing as k-H. This observation is in agreement with recent 
measurements of O2 and NO binding in Ngb (26). 
 
An independent evaluation of KH correlates with values measured by rapid 
mixing. The preceding studies were designed to provide a test of the reaction mechanism 
proposed in Scheme 1 by investigating time courses for ligand binding to hxHbs. The 
three rate constants extracted from this analysis are kH, k-H, and the bimolecular rate 
constant for the exogenous ligand (k'L), in this case CO. An important affinity constant 
KH can also be measured; it can be calculated as kH/k-H, or extracted from Equation 2 as 
the fraction of the reaction that binds very slowly in a rapid mixing experiment. Our 
results so far suggest that the slower rates of binding observed by rapid mixing are the 
best predictors of k-H (and thus KH). Here we demonstrate the quantification of an 
independent measurement of KH for comparison to the values we have measured 
kinetically. 
Ferrous bis-histidyl heme has a characteristic absorption spectrum exemplified by 
cytochrome b5. Plant hxHbs were the first hemoglobins to be identified with a similar 
spectrum (19, 22). The most notable feature of this spectrum is two visible bands near 
555 and 529 nm (the α and β bands, respectively) in the reduced "deoxy" absorption 
spectrum of the protein (Figure 7A). This is in contrast to the broad, single band near 558 
nm found in most pentacoordinate Hbs (27). The goal of the experiment in Figure 7 is to 
draw a quantitative relationship between the visible absorption spectrum and KH. To 
calibrate the relationship between KH and the visible absorption spectrum, a titration of 
H61A soybean leghemoglobin was carried out. Wild type soybean leghemoglobin is 
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pentacoordinate but has a distal His side chain that blocks high-affinity imidazole binding 
in the ferrous form (28). The H61A mutant protein has a higher affinity for imidazole that 
facilitates titration at reasonable [imidazole]. Figure 7A shows the spectral transition from 
pentacoordinate to hexacoordinate heme upon imidazole addition. Figure 7B displays the 
normalized change in absorbance at 555 nm (reflecting FH) along with a fitted curve 
depicting a KD for imidazole of 0.12 mM. The equation used to fit this curve is provided 
in the Methods section. 
 A convenient feature of the absorption spectrum to correlate with FH is one that is 
independent of absolute protein concentration. Therefore, the ratio of the α band (555 
nm) absorbance to that at the trough between the α and β bands (540 nm) was used. The 
correlation of this ratio with the known FH at each [imidazole] (calculated using the KD of 
0.12 mM) is linear for H61A leghemoglobin (Figure 7C), suggesting that A555/A540 is a 
good predictor of FH and KH. The ratio of A555/A540 for each hxHb is plotted versus its 
expected value of FH as calculated from KH in Table 1 (open circles in Figure 7C). While 
these pairs of data show more noise than those of H61A leghemoglobin, a fitted line for 
them lies directly on top of the control titration, suggesting that this method is a good 
predictor of the degree of hexacoordination in hxHbs. 
 
DISCUSSION 
In under ten years we have seen the discovery of hxHbs in nearly all plants and 
animals along with cyanobacteria. The present experiments were conducted in order to 
clarify and consolidate ligand binding in these proteins as a class, and to provide the 
simplest method for evaluating the rate and equilibrium constants for hexacoordination. 
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We have demonstrated that time courses for ligand binding to this diverse collection of 
proteins following rapid mixing can be explained by one of three kinetic scenarios (at the 
top of the Results section). Furthermore, we have explained the complex time courses for 
ligand binding to the plant hxHbs as resulting from lower values of KH and relatively 
rapid values of k'CO. These results also demonstrate unequivocally that the hxHbs are 
distinct from the vertebrate hxHbs and cyanoglobin in that the latter have much higher 
values of KH, exhibiting very little pentacoordinate Hob at equilibrium. 
 
Characterization of hxHbs. The visible ferrous absorption spectrum is a very 
useful means for measuring FH (and thus KH at intermediate values). If the ratio of 
A555/A540 for the dithionite-reduced hxHb is ≤ 2, the protein contains an appreciable 
fraction of pentacoordinate heme. If A555/A540 is > 2, the hxHb will behave more like 
Ngb, Cgb, and SynHb, with little FP. This observation can serve as a convenient tool for 
an initial characterization of KH in any hxHb.  
 Flash photolysis is the only method for measuring the bimolecular rate constant 
(k'L) for ligand binding to the pentacoordinate form of the Hb (HbP). If there is an 
appreciable FP, and k'L is very slow, the rapid mixing experiment will not provide k'L 
directly; under these conditions the concentration dependence will be equal to 
k'L[L]/(1+KH) and one cannot resolve k'L independently. If there is appreciable FP and k'L 
is rapid, the bimolecular reaction will likely be lost in the dead time. If there is no FP, k'L 
cannot be separated from kH using the mixing experiment. Fortunately, no matter how 
complex the flash photolysis time courses appear (for example Figure 1A), k'L is readily 
measurable as the dependence of the observed rate(s) on [L] (13). 
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 Once k'L is known, rapid mixing experiments can provide rate constants for 
hexacoordination as long as k'L[L] can be increased to the point where k-H becomes 
limiting. This is illustrated in Figure 8 for hypothetical hxHbs with k'L = 10 µM-1s-1, k-H = 
200 s-1, and kH varying according to the label in the Figure. For the proteins with the 
three lower values of kH it would be easy to determine k-H from the asymptote. Only at kH 
= 10,000 s-1 (for this example) do the time courses enter Scenario 3 for Equation 2, 
preventing direct observation of k-H. However, at high enough [L], one could overcome 
very large values of kH to assign k-H. Therefore, the power of this technique is limited 
mainly by ligand solubility. Finally, an additional benefit of Equation 2 is its use of 
amplitudes in the analysis of stopped flow reactions. By comparing ΔAobs and ΔAT it is 
possible to measure KH directly for hxHbs that exhibit binding according to Scenario 2. 
 
Additional binding phases observed by flash photolysis. While the results 
presented here clarify binding following rapid mixing and demonstrate that these rate 
constants correlate with KH at equilibrium, we are left with the question of the cause of 
the multi-phase time courses following flash photolysis in many hxHbs. One possible 
explanation is different protein conformations with microscopic kH and k-H. The crystal 
structures of SynHb in the presence and absence of bound ligand supports this possibility 
(29). When an exogenous ligand is bound, His46 (which coordinates the ligand binding 
site in the absence of exogenous ligands) moves completely out of the heme pocket and is 
accompanied by major rearrangements in the B and E helices and the EF loop (30). It is 
possible that the conformational change that facilitates hexacoordination following flash 
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photolysis follows more than one pathway, causing heterogeneity in the time course for 
ligand rebinding. 
Alternatively, solvent or another amino acid side chain could transiently 
coordinate the heme following ligand photolysis causing multiphasic time courses. This 
possibility is supported by the absorbance spectrum of the H46L and H64L mutant 
proteins of SynHb (16) and Ngb, respectively (11, 16). These are the hexacoordinating 
His side chains in each, and the mutant proteins show coordination of some other ligand 
(presumably solvent) in the absence of exogenous ligands. Finally, an unusually large 
amount of room-temperature geminate rebinding of CO could also cause heterogeneous 
time courses following flash photolysis (11, 16). 
 
Plant hxHbs. Plant hxHbs have surprising variability in kinetics within and 
across species given their high degree of sequence conservation. The variability in k'CO is 
much larger than that for myoglobin from different animals (27). This is consistent with 
results published earlier for the Arabidopsis Hbs where two hxHbs (GLB1 and GLB2) 
and one trHb (GLB3) are found with dissimilar expression patterns (31, 32). 
Consideration of both expression patterns and kinetics results suggests that Hbs inside the 
same plant could have different functions in the specific regions where they are expressed 
(31). 
Alternatively, plant hxHbs could exhibit kinetic variability in the absolute values 
of some rate constants but have the same function due to the specific combinations found 
in any particular plant. This is true for plant leghemoglobins. Soybean and lupin 
leghemoglobin have quite different rate constants for oxygen binding, but the specific 
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combinations of association and dissociation rate constants in each give them the same 
overall affinity constants for oxygen that are necessary for their common function in root 
nodules (28, 33).  
Each of the plant hxHbs exhibited ~5 to 10 % of the expected ΔAT that was slow 
(~ 1 s-1). This has been observed previously (17) and the cause is not obvious. It is 
notable that this rate is near that of the faster k-H values for Ngb and Cgb. This suggests 
that the coordinating His might spend a small fraction of its time locked into a tighter 
bond with the heme iron that is more similar to the structures observed for Ngb and Cgb 
(34, 35). 
  
Human hxHbs. Ngb and Cgb are two very different hxHbs (36). They are 
expressed in different tissues and their kinetic and affinity constants for oxygen and CO 
are quite different. But with respect to hexacoordination they share some common 
features that are distinct from the plant hxHbs. Both have comparatively slow values for 
k-H and subsequently higher values of KH. Both also have a much larger degree of 
unexplained time course heterogeneity than the plant hxHbs. One possible explanation 
for this in Ngb is different conformations of the bound His64 (37, 38). The structure of the 
murine Ngb displays two different conformations for the heme iron associated with two 
tautomers for the distal histidine. These conformations were found at a ratio of 70:30, 
exactly that reported here for the ratios of absorbance amplitude describing the fast and 
slow fractions of the time courses for CO binding.  
It has been shown that CO binding induces a major heme displacement 
accompanied by a rearrangement of the EF-F-FG region and the CD loop (10, 37, 38). It 
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has also been shown that the redox active disulfide bond in the CD region can affect the 
kinetics of hexacoordination by lowering k-H for Ngb (9). Our results suggest that this 
effect is not the same for Cgb, where an increase in k-H was observed in the presence of 
DTT. So, it seems that the E-helix and the CD region are important in controlling the 
ligand affinity but that the effect of rearrangement is specific to each protein.  
In conclusion, the results presented here clarify our understanding of ligand 
binding in hxHbs in three ways. First, they demonstrate that the slower phases of CO 
binding following rapid mixing are the best estimate of k-H, as it is these values that 
correlate with an independent spectroscopic measurement of KH. Second, they present a 
mechanistically simple explanation for multiphasic time courses in hxHbs that have 
appreciable fractions of pentacoordinate heme. Finally, the direct comparison of hxHbs 
from plants, animals, and bacteria using these methods indicate that the plant hxHbs have 
much lower values of KH than the others. 
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 k
'
CO 
μM-1s-1 
kH 
s-1 
k-H 
s-1 KH 
Fraction 
hex A555/ A540 
riceHb1 6.8 75 40 1.9 0.65 1.91 
riceHb2 1.8 6.7 15 0.45 0.3 1.33 
MHb1 1.4 22 25 0.9 0.48 1.8 
MHb2 44 43 19 2.3 0.70 2.30 
SynHb 90 4,200 14 300 ~1 2.35 
Ngb 40 ≥2,000* 
 
2.3 (70%) 
0.2 (30%) 
 
~1,000 ~1 2.22 
Cgb 5.6 430 
 
0.5 (70%) 
0.09 (30%) 
 
860 ~1 2.33 
 
Table1: Ligand and Hexacoordination rate constants 
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Figure 1: CO binding to SynHb. A. Time courses for CO rebinding to SynHb following 
flash photolysis at different CO concentrations (100 to 1000 μM, right to the left). The 
time courses are clearly biphasic, both phases being dependent on the CO concentration. 
B. Time courses for CO binding to SynHb following rapid mixing at different CO 
concentrations (12.5 to 500 μM, right to the left). Exponential fitted curves are shown as 
grey dashed lines. C. CO dependence of the rate constant for binding to SynHb. The data 
are fitted to Equation 1 to extract kH and k-H. 
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Figure 2: CO binding to RiceHb1. A. Time courses for CO binding to RiceHb1 
following rapid mixing at different CO concentrations (12.5 to 500 μM, right to the left). 
B. The data in A are expanded to facilitate observation of the starting time points of the 
reaction. In this and A, the fitted curves are grey dashed lines and result from the use of 
Equation 2 to describe each time course. C. The data are fitted to the model described 
earlier (17). The fits in A and B are clearly superior to those in C. 
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Figure 3: CO binding to RiceHb2. A. Time courses for CO rebinding following flash 
photolysis are singe-exponential and dependent on [CO] (100 to 1000 μM, right to the 
left). B. Fitted rate constants from A are plotted versus [CO] to provide k'CO. C. The 
difference spectrum (dotted line) between the deoxy (solid line) and CO spectra (dashed 
line) as observed in the stopped flow reactor is used to calculate ΔAT for Equation 2. D. 
Time courses for CO binding to RiceHb2 following rapid mixing at different CO 
concentrations (12.5 to 500 μM, right to the left). The data are fitted (grey dashed lines) 
to Equation 2 with a k’co fixed at 1.8 μM-1s-1, and k-H taken from the time course at 500 
µM CO. 
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Figure 4: CO binding to maize Hbm1. A. Rate constants for CO binding are measured 
from flash photolysis and plotted versus the CO concentration to provide k’CO. B. The 
difference spectrum (dotted line) between the deoxy (solid line) and CO spectra (dashed 
line) as observed in the stopped flow reactor is used to calculate ΔAT for Equation 2. C. 
Time courses of CO binding to Hbm1 following rapid mixing at different CO 
concentrations (12.5 to 500 μM, right to the left). The data are fitted to Equation 2 with a 
k’co fixed at 1.4 μM-1s-1 and k-H taken from the time course at 500 µM CO. 
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Figure 5: CO binding to maize Hbm2. A. As for the Hbm1 and riceHb2, flash 
photolysis is single exponential and provides k’CO. B. The difference spectrum (dotted 
line) between the deoxy (solid line) and CO spectra (dashed line) as observed in the 
stopped flow reactor is used to calculate ΔAT for Equation 2. C. Time courses for CO 
binding to Hbm2 following rapid mixing at different CO concentrations (12.5 to 500 μM, 
right to the left). The inset shows these time courses at an expanded time scale to 
demonstrate ΔAobs. The data are fitted to Equation 2 with a k’co fixed at 1.4 μM-1s-1 and k-
H taken from the time course at 500 µM CO. 
  
45
 
 
Figure 6: CO binding to Ngb and Cgb.  Time courses for CO binding to Ngb (A) and 
Cgb (B) following rapid mixing at different CO concentrations (100 to 500 μM, right to 
the left). In each case the data require a double exponential decay for proper fitting. At 
each concentration, a fast phase (70%) and a slow phase (30%) are observed. To 
demonstrate this dramatic degree of biphasic binding, the dashed and dotted lines 
simulate what the time courses would look like if they were described only by the fast or 
slow rate constant, respectively.  The insets are the overlaid time courses for binding of 
MeICN (2 mM) and CO (500 µM), demonstrating that binding is independent the nature 
of the ligand used in the experiment. Time courses of CO binding to Ngb (C) and (D) 
Cgb following rapid mixing at 500 μM CO with (dashed line) or without (solid line) 24 
hours incubation with 10 mM DTT. The time course for Ngb becomes slower, while that 
for Cgb is faster.   
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Figure 7. Quantification of KH using absorbance spectroscopy. A. Visible absorbance 
spectra of deoxy LbaH61A (dotted line) and LbaH61A plus imidazole (0.02 to 1.6 mM). 
B. From a cross section of these data at 555 nm, the dissociation rate constant for 
imidazole was calculated to be 0.12mM. For each imidazole concentration the ratio of 
A555/A540 is plotted versus FH (filled circles) and fit to a line (solid line). For the hxHbs, 
the ratio of A555/A540 is also plotted versus its FH using the values listed in Table 1.  A fit 
to these data (dashed line) is parallel to the control experiment from (A).   
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Figure 8. Analysis of hypothetical hxHb kobs values from rapid mixing. Observed 
reaction rate constants are plotted as function of [L] for hypothetical hxHbs with k-H = 
200 s-1, k'L = 10 s-1, and kH as indicated in the figure for each curve.  The asymptote used 
to assign k-H is obvious in all cases accept that where kH = 10,000 s-1. Under these 
circumstances, binding is as described by Scenario 3 of the Results section.  This 
simulation illustrates the degree to which kH must be very large compared to k'L[L] to 
interfere with the ability of rapid mixing experiments to extract rate constants for 
hexacoordination.   
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CHAPTER 3: ROLE OF PHENYLALANINE B10 IN PLANT NONSYMBIOTIC 
HEMOGLOBINS 
A paper published in Biochemistry 1 
Benoit J. Smagghe, Suman Kundu, Julie A. Hoy, Puspita Halder, Theodore R. Weiland, 
Andrea Savage, Anand Venugopal, Matthew Goodman, Scott Premer, and Mark S. 
Hargrove. 
 
ABTRACT. 
All plants contain an unusual class of hemoglobins that display bis-histidyl 
coordination yet are able to bind exogenous ligands such as oxygen. Structurally 
homologous hexacoordinate hemoglobins (hxHbs) are also found in animals (neuroglobin 
and cytoglobin) and some cyanobacteria, where they are thought to play a role in free 
radical scavenging or ligand sensing. The plant hxHbs can be distinguished from the 
others because they are only weakly hexcacoordinate in the ferrous state, yet no structural 
mechanism for regulating hexacoordination has been articulated to account for this 
behavior. Plant hxHbs contain a conserved Phe at position B10 (PheB10), which is near the 
reversibly coordinated distal HisE7. We have investigated the effects of PheB10 mutation 
on kinetic and equilibrium constants for hexacoordination and exogenous ligand binding 
in the ferrous and ferric oxidation states. Kinetic and equilibrium constants for 
hexacoordination and ligand binding along with CO-FTIR spectroscopy, midpoint 
reduction potentials, and the crystal structures of two key mutant proteins (F40W and 
F40L) reveal that PheB10 is an important regulatory element in hexacoordination. We 
                                                 
1 Biochemistry (2006) 45, 9735-9745. Copyright 2006 American Chemical Society. 
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show that Phe at this position is the only amino acid that facilitates stable oxygen binding 
to the ferrous Hb and the only one that promotes ligand binding in the ferric oxidation 
states. This work presents a structural mechanism for regulating reversible intramolecular 
coordination in plant hxHbs. 
 
INTRODUCTION. 
Hemoglobins (Hbs) are multi-functional globular proteins that use a heme 
prosthetic group in their activities. The chemical behavior of heme is dominated by its 
coordination to the protein scaffold and by the amino acid side chains that line the 
binding pocket. While coordination in Hbs is always via a His side chain, the structure of 
the rest of the heme pocket is quite variable. As a result, Hbs have a wide range of ligand 
affinities and redox properties that are required for their individual physiological 
functions. In mammalian oxygen transport proteins, the HisF8 side chain coordinates the 
heme group on the proximal side (1). HisE7 is on the distal side of the porphyrin and does 
not coordinate the heme iron but interacts with the bound ligand to create appropriate 
affinity and rate constants for facilitating oxygen diffusion (2). Another conserved amino 
acid in the ligand binding pocket is LeuB10, which does not directly interact with bound 
ligands but influences binding by orienting HisE7 for hydrogen bonding with oxygen (3, 
4) (Figure 1). In plant oxygen transport proteins (leghemoglobins), the side chain at 
position B10 also tunes the influence of HisE7 on bound oxygen to control affinity (5, 6). 
Many other Hbs are found in plants, animals, and bacteria for which physiological 
functions have not yet been assigned with any real confidence (7-9). In many of these 
proteins, the amino acid at position B10 has a direct role in ligand binding regulation. 
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These Hbs include the truncated Hbs (10), those from the parasitic nematode Ascaris 
suum (11), the mollusk Lucina pectinata (HbII) (12), and the Hb domains of bacterial and 
yeast flavohemoglobins (13). Although this large and diverse group of Hbs displays 
considerable variation in their structures and functions, they have in common the 
combination of TyrB10/GlnE7 in their heme pockets (an example is Ascaris Hb in Figure 
1). As a result of direct stabilization of bound oxygen by TyrB10, most of these proteins 
have oxygen affinities that are too high for transport, but the TyrB10/GlnE7 combination 
has proven to be effective for scavenging and detoxification reactions such as NO 
dioxygenation (14). Another group of the Hbs known as hexacoordinate Hbs (hxHbs) are 
found in all plants and animals (9). In the absence of exogenous ligands, both HisF8 and 
HisE7 coordinate the heme iron in a manner similar to that of cytochrome b5. However, 
unlike cytochrome b5, the side chain of HisE7 can be displaced by exogenous ligands in 
both the ferric and ferrous forms. The biological function and purpose of 
hexacoordination are not yet known, nor is the chemical mechanism facilitating 
displaceable coordination. In plant hxHbs, PheB10 is conserved and located very close to 
HisE7 (15) (Figure 1). For this reason, we hypothesize that PheB10 might confer an 
important function to these proteins by influencing hexacoordination. Here, we present a 
combination of ligand-binding measurements in both the ferrous and ferric heme 
oxidation states, potentiometric redox titrations, visible and IR spectroscopy, and X-ray 
crystallography to measure the effects of PheB10 substitution on hexacoordination and 
ligand binding in a hxHb from rice (riceHb1). Our results demonstrate that the PheB10 is 
the only amino acid that allows the formation of a stable oxyferrous complex and the 
ability to bind ligands in the ferric oxidation state with high affinity. 
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MATEREIALS AND METHODS 
Protein Production. RiceHb1 and PheB10 (amino acid 40 in the primary 
structure) mutant proteins were expressed as described previously (16) using the host 
strain BL21 Star DE3 (Invitrogen). Purification was achieved using a three-step process 
described earlier (17). Absorbance spectra were collected with a Varian Cary-Bio 
spectrophotometer at room temperature in a 0.1 M potassium phosphate buffer at pH 7.0. 
The proteins were first oxidized with a slight excess of ferricyanide and then run over a 
G25 column. Sodium dithionite was added to record the deoxy ferrous spectra in Figure 
4. 
 
Ligand Binding and Autoxidation Experiments. Rate constants for CO binding 
(k’CO) and for hexacoordination (kH2 and k-H2) in ferrous Hbs were measured as described 
by Smagghe et al. (16). In summary, flash photolysis was used to measure k’CO from the 
[CO] dependence of rebinding (18). kH2 and k-H2 were measured from the concentration 
dependence of CO binding following rapid mixing. Time courses for CO binding initiated 
by rapid mixing follow equation 1: 
 
ΔAobs =ΔAT ( FP e − kCO' [ CO ]*t +FH e − kobs ,CO' [ CO ]*t ) Equation 1 
 
In this equation, ΔAobs is the observed time course for binding, k’CO is the bimolecular 
rate constant for CO binding to the pentacoordinate complex (HbP2 in Scheme 1), and 
k’obs,CO is the observed rate constant for binding following mixing as described by eq 2. 
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FP and FH are the fractions of protein in the penta and hexacoordinate states, and ΔAT is 
the total change in absorbance expected for the reaction (calculated independently from 
ligand-free and ligand-bound absorbance spectra). 
 
k obs ,CO = k − H 2 k CO
' [ CO ]
k H 2 + k − H 2 + k CO' [ CO ]   Equation 2 
 
Eq 2 correlates the observed rate constant for CO binding to the hexacoordinate fraction 
(or rapid equilibrium between hexa and pentacoordinate states) following rapid mixing. 
kH2 and k-H2 are the rate constants for association and dissociation of the HisE7 side chain. 
Rapid mixing experiments measuring O2 dissociation rate constants have been 
described previously (19) and were conducted with a BioLogic SFM 400 stopped-flow 
reactor coupled to a MOS 250 spectrophotometer. The O2-bound proteins were prepared 
as previously described (20) and collected in syringes containing 262 μM O2. A CO 
solution (1 mM + 100 μM sodium dithionite) was used as the displacing ligand. 
Two types of experiments were conducted to measure rate constants for 
autoxidation. For slower reactions (wild-type riceHb1 and F40W), a Varian Cary 50 
spectrophotometer was used to monitor the oxidation of oxyferrous samples as described 
by Brantley et al. (4). For fast reactions (kox > 10 h-1), the Brantley method was 
performed in the stopped flow reactor. The four syringes of the apparatus were used to 
create the oxygenated sample by first mixing a ferric protein with a stoichiometric 
concentration of sodium dithionite (as measured by its absorbance at 315 nm (21)), 
allowing time for reduction (typically 20 s), and then mixing against a saturated oxygen 
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solution to generate the oxyferrous complex. These spectra were collected over time to 
monitor oxidation. As a control, this procedure was used to measure the autoxidation rate 
constant for sperm whale myoglobin and provided the same value obtained by traditional 
methods (4). 
Azide binding was measured by an equilibrium titration of 3 μM Hbs with sodium 
azide in 0.1 M potassium phosphate at pH 7.0, using a Varian Cary 50 spectrophotometer. 
The association equilibrium constants (Kobs,azide) for each protein (Table 2) were extracted 
using the following equation: 
 
F H =
K obs ,azide [ azide ]
1+ K obs ,azide [ azide ]
     Equation 3 
 
FTIR Spectroscopy. Samples of CO-bound Hbs were prepared as described 
previously (6). Briefly, the proteins (2-3 mM) were reduced with a dithionite solution in 
an Eppendorf tube equilibrated with CO. The protein sample was added to a BioCell 
cuvette (5 mm thickness * 50 mm diameter, separated by a 40 μm spacer; BioTools, Inc.) 
and spectra acquired with a Nicolet Nexus 470 FTIR spectrometer (Nicolet Instrument 
Corp., Wisconsin) coupled to an external liquid-nitrogen cooled MCT detector. Spectra 
were recorded at 1 cm-1 resolution in the region 1800-2100 cm-1. Up to 128 
interferograms were collected for all samples and their corresponding deoxy protein 
controls. The final IR spectra were corrected for buffer background by subtraction of the 
sample and control data. 
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Spectroelectrochemistry. Potentiometric titrations were performed using an 
Ocean-Optics UV-Vis spectrophotometer (USB 2000) and an Oakton pH-mV meter (pH 
1100 series) adopting the method described by Altuve et al. (22) and monitoring the 
absorbance change associated with conversion of the ferric protein to the deoxyferrous. A 
standard saturated calomel electrode (SCE) was used as a reference electrode, and a 
platinum electrode was used as a working electrode for all measurements. Reduction 
potentials and Eobs values are reported with reference to a standard hydrogen electrode 
(SHE). 
Titrations of 10 μM Hb were carried out at 25 °C in argon saturated 0.1 M 
potassium phosphate at pH 7.0. Ferric proteins were titrated stepwise with a solution of 
sodium dithionite (40 mM) previously sparged with argon. Reduction was monitored by 
recording the absorbance spectrum in the visible region (500-700 nm), and the 
corresponding cell potential was noted for every addition of dithionite after the 
attainment of equilibrium. A group of redox mediators were used to buffer the entire 
potential range starting from +160 to -440 mV. Their standard reduction potential versus 
SHE are 1,2-naphthoquinone (Emid = +157 mV), toluylene blue (Emid = +115 mV), 
duroquinone (Emid = +5 mV), hexaamineruthenium (III) chloride (Emid = -50 mV), 
pentaaminechlororuthenium (III) chloride (Emid = -40 mV), 5,8-dihydroxy-1,4-
naphthoquinone (Emid = -50 mV), 2,5- dihydroxy-1-4 benzoquinone (Emid = -60 mV), 
2-hydroxy-1,4-naphthoquinone (Emid = -137 mV), anthraquinone-1,5-disulfonic acid 
(Emid = -175 mV), 9,10-anthraquinone-2,6-disulfonic acid (Emid = -184 mV), and 
methyl viologen (Emid = -440 mV). 
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Midpoint potentials were extracted from the change in absorbance by the 
following general equation. 
F reduced = e
− nF E obs − E mid( )
RT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
1 + e −
nF E obs − E mid( )
RT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
    Equation 4 
 
Freduced is the normalized change in absorbance at 557 nm, Eobs is the observed cell 
potential, and Emid is the fitted midpoint potential following equation 4 
. 
X-ray Crystallography. The purified proteins were oxidized with a molar excess 
of potassium ferricyanide, desalted on a Sephadex G-25 column in 0.01 M potassium 
phosphate at pH 7.0, concentrated to ~ 3 mM, and stored at -80 °C until use. Crystal 
growth was achieved by hanging-drop vapor diffusion. Drops were produced by mixing 2 
μL of 3 mM protein with 2 μL of well buffer containing 1.9 M ammonium phosphate, 
20% sucrose, and 3% dioxane at pH 7.0. Single crystals grew overnight for F40L and 
within a week for F40W, both at room temperature.  
Diffraction data were collected at 100 K on a Rigaku/MSC home source generator 
and processed using d*TREK (23). Molecular replacement was performed using CNS 
(24) and the structure of riceHb1 (1D8U.pdb) as the starting model. The refinement of 
F40L was performed using both CNS and CCP4 (25) with manual rebuilding in O (26). 
The final model is a dimer containing a total of 319 aminoacids (residues A1-7 and B1-10 
were left out because of the lack of density and to improve statistics) and 222 water 
molecules, with R = 20.3%, Rfree ) 24.7%, and 99.8% completeness from 20 to 2.3 Å. The 
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crystals of F40W were twinned with twinning fraction 0.47. The twinning scripts in CNS 
were used to refine the structure. The final model is a dimer containing a total of 330 
amino acids and 97 waters, with R = 17.5%, Rfree ) 20.4%, and 97.5% completeness from 
20 to 2.4 Å. 
 
RESULTS 
As diagramed in Scheme 1, the hexacoordinate forms of the ferrous (Fe2+) and 
ferric (Fe3+) Hb (HbH2 and HbH3, respectively) can bind exogenous ligands (L) following 
the conversion to the pentacoordinate state (HbP). The association equilibrium constants 
for hexacoordination are KH2 and KH3 for the ferrous and ferric oxidation states, and the 
association equilibrium constants for exogenous ligand binding to the respective 
pentacoordinate forms are KL2 and KL3. The reduction of the ferric protein (Hb3) can be 
described by a midpoint reduction potential (Emid), which is thermodynamically linked to 
all binding described in the scheme (27). 
 
HbH3
KH3
HbP3 +  L HbL3
KL3
HbH2 KH2
HbP2 +  L HbL2
KL2
+ e-Emid
hexacoordination exogenous ligand binding
+ e- + e
-
 
     Scheme 1 
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Most reports of ligand binding to hxHbs have investigated only the ferrous 
oxidation state (16, 28-30). The values of KH2 range from 103 to 0.5, with plant hxHbs 
displaying lower values and significant fractions of the pentacoordinate heme (HbP2) 
(16). Our first goal was to measure the results of PheB10 substitution on hexacoordination 
and ligand binding in the ferrous form to determine if this side chain plays a role in 
regulating KH2. 
 
Ligand Binding and Hexacoordination in the Ferrous Oxidation State  
Hexacoordination and CO Binding. A combination of flash photolysis and rapid 
mixing experiments were employed to measure rate and affinity constants for 
hexacoordination in the ferrous state of wild-type riceHb1 and five PheB10 mutant 
proteins. Rate constants for bimolecular CO binding (k’CO; Table 1) as measured by flash 
photolysis (18) show very little variation with the exception of F40W (these data are not 
shown for the proteins in Figure 2 but are shown for the F40W protein in Figure 3). 
Figure 2 shows time courses for CO binding initiated by rapid mixing. This experiment is 
described in detail elsewhere (16), and can be summarized as follows: prior to mixing 
with CO, the ferrous hxHb is at equilibrium with respect to the HbH2 and HbP2 states. If 
equilibrium is rapid with respect to CO binding or if the fraction of pentacoordinate 
protein (FP) ~ 0, a single rate is observed that obeys eq 2 (which is equivalent to eq 1 with 
FP = 0). If equilibration is slow compared to CO binding and FP is substantial, then two 
rates are observed according to eq 1. Frequently (as exemplified by wild-type riceHb1), 
the bimolecular reaction is faster than the stopped flow dead time, and the amplitude lost 
in reaction is proportional to Fp (16). Therefore, the loss of amplitude indicates 
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substantial FP (and lower values of KH2). This experiment, in combination with k’CO from 
flash photolysis, provides k-H2, kH2, and KH2 for each protein (Table 1).  
Figure 2 shows time courses that have been normalized to the expected ΔAbs value 
for the reaction. We have previously demonstrated that wild-type riceHb1 has a value of 
KH2 close to 2 (16). The fractions of HbH and HbP resulting from KH (for either oxidation 
state) can be calculated as FH = KH/(1 + KH) and FP = 1 - FH. The appreciable FP 
associated with wild-type riceHb1 in combination with rapid k’CO predicts the loss in 
reaction amplitude as [CO] increases, which is clear in Figure 2A. The reaction time 
courses for the same CO concentrations are shown in Figures 2B-E for the F40G, F40A, 
F40L, and F40Y mutant proteins. For each mutant protein, no loss in reaction amplitude 
is observed, indicating that KH2 is much larger than that for the wild-type protein.  
These experiments also provide k-H2 as the asymptote of the k’CO,obs rate constants 
(eq 2) (16). These values for each protein are plotted in the inset for each respective set of 
time courses. The fits of each inset plot to eq 2 (with k-H2 fixed as the asymptote) yield 
kH2. The values of kH2 and k-H2 (Table 1) provide additional support to the conclusion that 
each Phe40 substitution increases KH2 compared to that of the wild type protein.  
The behavior of the F40W mutant protein is unique and is, therefore, presented in 
expanded detail in Figure 3. An example of a time course for CO binding following flash 
photolysis is shown in Figure 3A. It is markedly biphasic, with a fast phase that varies 
with [CO] (Figure 3B) and a slow phase of 28 s-1 that is independent of [CO]. The linear 
fit of Figure 3B provides k’CO as 0.9 μM-1 s-1, a value much smaller than that of wild-
type riceHb1 or any of the other PheB10 mutant proteins. Rapid mixing time courses show 
the complete expected ΔAbs (like the other pheB10 mutant proteins) but larger values of k’ 
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CO,obs (Figure 3C) (closer to wild-type riceHb1). The slow phase in Figure 3A is 
consistent with the asymptote in Figure 3C; therefore, this value (28 s-1) has been 
assigned to k-H2. The value of kH2 resulting from the fit of eq 2 to the data in Figure 3C 
returns a value of 430 s-1 for kH2, as expected from the y-intercept from flash photolysis 
(Figure 3B, y-intercept (18)). The results from Figures 2 and 3 indicate that all PheB10 
substitutions have profound effects on KH2 and that F40W appears different from the 
others because of the unusually slow value of k’CO.  
As has been described for other hxHbs (16, 28), these changes in KH2 should be 
reflected in visible absorbance spectra. Figure 4A shows a few of these spectra (for 
clarity) along with that of ferrous H73L riceHb1, which serves as a pentacoordinate 
reference for FH = 0. The ratio of A555/A540 has been shown to correlate with FH such 
that when FH2 ~ 1, the A555/A540 ratio is ~ 2.2 (16). The values of FH2 that are lower are 
represented by lower values of A555/A540. The ratios for wild-type riceHb1 and wild-
type maizeHb1 indicate values of FH that are lower than those of hxHbs from humans and 
bacteria; these values are plotted as open circles (Figure 4B). The points for each of the 
PheB10 mutant proteins (closed circles) are grouped along with the human and bacterial 
hxHbs that have larger values of KH2 (Figure 4B).  
The spectra shown in Figure 4A demonstrate some subtle differences resulting 
from PheB10 mutation. The F40A spectrum is clearly bimodal (the two peaks indicated by 
arrowheads), whereas that of the F40G mutant protein is sharper and centered on the 
lower wavelength mode of the F40A spectrum. The wild-type protein appears to be a 
symmetric average of the two. These data suggest that the HisE7 can adopt at least two 
orientations that are not in fast exchange. These results are consistent with other 
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hexacoordinate hemoglobins (31, 32) and demonstrate that PheB10 can influence the 
nature of the bond between HisE7 and the heme iron in plant hxHbs.  
 
Environment of the Ligand-Bound Heme Pocket. Exogenous ligand binding 
requires the dissociation of the HisE7 side chain to open a binding site on the heme iron. 
The only X-ray structure of riceHb1 is in the hexacoordinate state (33); therefore, the 
structural rearrangements accompanying ligand binding are currently unknown. 
However, without any major structural changes, the PheB10 side chain would probably be 
near the bound ligand. To test the effects of PheB10 substitutions on the structure of the 
ligand-bound protein, we have used the CO FTIR spectrum as a probe of the electrostatic 
environment around the bound ligand (Figure 5) (6, 34, 35). This technique measures the 
C-O stretching frequency, which is perturbed by the electrostatic charges that are near the 
bound ligand. A strong positive field (like that associated with a strong hydrogen bond 
donor) stabilizes the carboxy ligand and shifts the absorbance to a lower frequency, as 
exemplified by the V68N sperm whale myoglobin mutant protein (νFe-CO = 1916 cm-1; 
(34)).  
The spectrum of wild-type riceHb1 is indicative of such an interaction, with the 
major absorbance peak near 1920 cm-1. The fact that the H73L mutant protein lacks this 
low energy band suggests that the HisE7 side chain in the wild type protein is providing 
the partial positive charge. Similar results have been reported for pentacoordinate plant 
Hbs (6). CO FTIR spectra for each PheB10 mutant protein are compared to those of wild 
type and H73L riceHb1 in Figure 5. Each spectrum differs from the wild-type protein, 
indicating major perturbations in the electrostatic environment around the bound CO. The 
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effects of the substitutions are complex, but a common feature of each is a shift in the 
average νco value to a higher energy than that of the wild type protein (Table 1), 
indicating a weakened hydrogen bond between the HisE7 side chain and the bound ligand 
(5, 35). 
 
Oxygen Binding and Autoxidation. Another important reaction that could be 
affected by PheB10 substitutions is oxygen binding. Wild type riceHb1 binds oxygen with 
relatively high affinity (36). However, efforts to measure rate constants for most PheB10 
mutant proteins were met with difficulty. One reason for this might be an effect of the 
mutation on the stability of the oxyferrous complex, which is dictated by the rate of 
autooxidation of the heme iron (4). Figure 6A shows the spectral change associated with 
autooxidation, and Figure 6B demonstrates that the time course (at 575 nm) for oxidation 
of wild type riceHb1 is relatively slow (Table 1) with a half-life of ~ 9 h at 20° C. 
However, the rate constant for autooxidation is dramatically increased for each PheB10 
mutant protein (Figure 6B, Table 1). In fact, only the F40W protein formed an oxyferrous 
complex stable enough for the measurement of its oxygen dissociation rate constant (kO2). 
The kO2 value for F40W (0.06 s-1) is only slightly faster than that of the wild-type protein 
(0.038 s-1; Table 1). 
 
Ligand Binding and Hexacoordination in the Ferric Oxidation State. 
There have been few kinetic measurements of ligand binding to plant hxHbs in 
the ferric state, presumably because HisE7 is bound more tightly, resulting in low 
exogenous ligand affinities and slow reaction time courses. An assumption of the 
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importance of oxygen binding and the convention of the ferrous Hb as the eminent 
functional form has also contributed to a lack of investigation in this direction. However, 
it is possible that the ferric oxidation state is important in riceHb1 function (as part of the 
NO dioxygenation cycle (9), for example), and PheB10 could be under selection pressure 
for its role in this form of the protein. Therefore, we have investigated the effects of the 
PheB10 substitutions described above on ligand binding and hexacoordination in the ferric 
state.  
 
Midpoint Redox Potentials and Ferric Hexacoordination. The midpoint 
reduction potential of a Hb is a measure of the free energy required to reduce the ferric 
form of the protein to the ferrous oxidation state. Midpoint potentials for pentacoordinate 
Hbs such as Mb (+60 mV) (37) and plant leghemoglobins (+20 mV) (38) have values that 
are slightly positive with respect that of to a standard hydrogen electrode (SHE), 
representing reduced states that are thermodynamically more stable than those of hxHbs, 
which have negative midpoint potentials (typically lower than -100 mV (28, 39)). There 
are a number of factors that can influence these values (40). The thermodynamic linkage 
between all of the reactions in Scheme 1 indicates that midpoint potentials will be 
directly influenced by differential coordination of ligands in the ferrous versus the ferric 
states (27). For example, if the HisE7 side chain coordinates more tightly in the ferric 
versus the ferrous state, the midpoint potential would be more negative compared to that 
of a pentacoordinate Hb with all other factors being equal. 
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Assuming that this shift is due only to the coordination of HisE7 in the wild-type 
protein, one can calculate effects of hexacoordination on potentiometric titrations using 
the following equation (a similar equation is derived by Moore and Pettigrew (27)): 
 
F reduced = e
− nF E obs −E mid( )
RT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
1+ K H 3
1+ K H 2
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ + e
− nF E obs −E mid( )
RT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
  Equation 5 
 
Here, all variables are as described for eq 4 except Freduced = (HbP2 + HbH2)/(HbP2 + 
HbP3 + HbH2 + HbH3).  
Figure 7A demonstrates the spectral change associated with the potentiometric 
titration of wild-type riceHb1. Figure 7B shows Freduced as a function of Eobs for wild-type 
riceHb1, H73L, and each PheB10 mutant protein, and the value of Emid for each 
experiment is listed in Table 2. The H73L mutant protein has been shown to be a 
pentacoordinate version of riceHb1 (36). It has a midpoint potential of -30 mV, whereas 
the wild-type protein has a value of -143 mV. This indicates that HisE7 coordination in the 
wild-type protein is tighter in the ferric versus the ferrous state. Quantification of the ratio 
of affinity constants is facilitated by the following equation that directly relates the two 
values to the midpoint potentials for the hxHb (Emid,hex) and the pentacoordinate Hb 
(Emid,pent).  
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1+ K H 3
1+ K H 2
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ = e
− nF E mid ,hex −E mid , pent( )
RT
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
  Equation 6 
 
Eq 6 demonstrates that if (1+KH3)/(1+KH2) >1, Emid will shift to a more negative value. 
Likewise, if (1+KH3)/(1+KH2) <1, Emid will become more positive. 
The ratio of (1+KH3)/(1+KH2) for wild-type riceHb1 is calculated to be 80 (Table 
2), indicating that hexacoordination is much tighter in the ferric than in the ferrous state. 
For each PheB10 mutant protein, the value of Emid is shifted to a more negative value, and 
the (1+KH3)/(1+KH2) ratios are higher compared to the wild-type protein (Table 2), 
indicating that PheB10 is the most successful at inhibiting hexacoordination in the ferric 
state relative to the ferrous state. 
 
Azide Binding. The reduction potentials measured above suggest that PheB10 
substitutions should lower the affinity for exogenous ligands in the ferric state compared 
to wildtype riceHb1 because of the increased competition for the binding site by the HisE7 
side chain. In general, the effect of hexacoordination on exogenous ligand binding can be 
calculated by the following equation, where Kpent is the ligand association equilibrium 
constant in the absence of hexacoordination (20): 
K obs =
K pent
1+ K H      Equation 7 
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All of the PheB10 mutations increase both KH2 and the (1+KH3)/(1+KH2) ratio. Therefore, 
each mutant protein must have a very large absolute value of KH3 compared to that of the 
wild type protein and thus a lower Kobs for exogenous ferric ligands. 
To test this prediction we have measured azide binding to each protein by 
equilibrium titration as shown in Figure 8. For each mutant protein, the association 
equilibrium constant decreases dramatically (Figure 8B, Table 2). The wild-type protein 
has a higher affinity for azide by at least 60-fold (and on average 3000-fold) compared to 
each PheB10 mutant protein. 
 
X-ray Crystallography of Ferric PheB10 Mutant Proteins. In an effort to better 
understand the effects of PheB10 substitution, the X-ray crystal structures of the ferric 
forms of the F40L and F40W mutant proteins have been solved (Figure 9). There are no 
major structural perturbations resulting from these substitutions compared to the structure 
of wild-type riceHb1. However, subtle changes in the heme pocket are observed. Figure 
9A demonstrates that PheB10 in wild-type riceHb1 packs against HisE7 and, along with 
ValE11 and PheCD1, likely blocks major movement or rotation. The F40L substitution 
creates a cavity above the HisE7 side chain and allows it to rotate in that direction. 
However, the TrpB10 side chain of the F40W mutant protein forces HisE7 to rotate in the 
opposite direction (Figure 9B).  
Each of these structures has two molecules in the asymmetric unit (Figure 9C). 
The two molecules are similar for the wild type and F40L proteins, but the F40W 
structure shows two very different conformations for the TrpB10 side chain. One molecule 
of the asymmetric unit is as shown in Figure 9B. In the other, the TrpB10 side chain moves 
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out of the heme pocket and creates a cavity similar to that in the structure of the F40L 
protein. The HisE7 side chain rotates toward this cavity in the B molecule of the F40W 
structure as well (Figure 9C). The two locations observed for TrpB10 might also be 
responsible for the two HisE7 conformations in the CO form of the protein (two major IR 
peaks, Figure 5). 
 
DISCUSSION 
Studies of Hbs from different organisms have revealed the importance of the 
amino acids at positions E7 and B10 for directing the chemistry of the heme pocket and 
the function of the protein. In human oxygen transport globins (Leu at B10) and 
leghemoglobins (Tyr/Phe at B10), the B10 side chain regulates ligand binding by 
affecting the position and reactivity of HisE7 (3, 5, 6, 41). In bacteria, the TyrB10 side 
chain interacts directly with the bound ligand (10). The results presented here show that 
the conserved PheB10 found in plant hxHbs affects hexacoordination in both the ferrous 
and the ferric oxidation states and has a profound influence on the rate constants for 
autoxidation. These results are discussed below in the context of their impact on Hb 
structure and function and the potential physiological function of plant Hbs. 
 
PheB10 Directs the Action of HisE7. The conserved tertiary structure of the globin 
fold forces certain amino acids to exist near one another. Throughout the evolution of 
Hbs, this has been the case for the B10 and E7 side chains. The combination of 
TyrB10/GlnE7 common in bacteria is good for scavenging oxygen by using the Tyr side 
chain as the principle source of stabilization. Oxygen transport apparently requires 
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different regulation and a lower affinity constant than is attainable through stabilization 
using the combination of TyrB10/GlnE7. HisE7 takes the spotlight for this purpose, and the 
side chain at B10 has been relegated to a supporting role. For example, hemoglobin 1 
from Lucina pectinata (GlnE7/PheB10) has a very fast oxygen off rate, suggesting weak 
stabilization of the bound ligand. However, replacing the E7 by a His or the B10 by a Tyr 
lowers the oxygen off rate by a factor 50 and 250, respectively suggesting the important 
roles of these two amino acid in ligand stabilization (42). The reason for HisE7 instead of 
GlnE7 in oxygen transport is probably due to the fact that the Gln side chain has more 
degrees of rotational freedom and is a weaker hydrogen bond donor (35, 43). Therefore, it 
is statistically less likely that the Gln side chain will adopt a thermodynamically 
favorable conformation for hydrogen bonding with bound oxygen. For this reason, most 
oxygen transport Hbs have HisE7 held in just the right orientation through steric 
interactions with an aliphatic or Phe side chain at position B10 (6).  
In addition to stabilizing bound ligands, HisE7 in hxHbs is also capable of 
reversible coordination of the ligand binding site on the heme iron. This coordination is 
very important for the stability of the protein (44) and can be influenced by the physical 
and chemical environment surrounding the coordinating His side chain (45). Given the 
partnership between these amino acids in pentacoordinate Hbs, it is not surprising that the 
B10 amino acid is also important in hxHbs. More surprising are the specific effects of the 
PheB10 side chain in riceHb1. Without Phe at this position, hexacoordination is greatly 
enhanced, shifting the behavior of the protein in the direction of bacterial and animal 
hxHbs.  
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In the hexacoordinate conformation, PheB10 interacts with HisE7 just enough to 
stimulate dissociation but not enough to prevent coordination. This conclusion is 
supported by the dramatic effect of PheB10 substitution on KH2, KH3, and 
(1+KH3)/(1+KH2). Once an exogenous ligand (like oxygen) is bound, PheB10 forces the 
HisE7 side chain to move only to a position from which it can form a stabilizing hydrogen 
bond. This conclusion is supported by the CO-FTIR spectra of PheB10 mutant proteins 
showing greater movement of the HisE7 side chain within the distal heme pocket in the 
absence of Phe at this position. The large increase in autoxidation upon B10 mutation is 
probably a consequence of the inability of HisE7 to form a strong hydrogen bond with 
bound oxygen, in combination with solvent entry into the distal heme pocket (4, 46). 
Finally, it is clear from the phylogenetic conservation of PheB10 in the nsHbs that these 
functions are likely critical to the physiological role of this class of proteins. 
 
Oxygen Transport versus NO Scavenging. Two possible functions for nsHbs 
are oxygen transport and NO detoxification. The likelihood of the former possibility is 
diminished by low Hb concentrations and the slow kinetics of oxygen release. The 
possibility of the latter is strong but difficult to test because any oxyHb will destroy NO 
in a test tube (9). Recent experiments demonstrating this capacity explicitly in oxy-nsHbs 
confirm that they destroy NO like many others (47, 48). However, Hbs are poor NO 
scavengers in the absence of mechanisms for heme rereduction (as observed for the 
flavohemoglobins (13, 14, 49)), and no reductase has yet been identified for any other Hb 
for which NO scavenging has been proposed as a principal physiological function (8, 48, 
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50, 51). Without identification of a reduction mechanism, the identification of NO 
dioxygenation as a function for Hbs is premature (21, 52-54).  
It is reported here that the conservation of PheB10 in nsHbs is important for 
stabilization of the oxy-ferrous complex. This would obviously favor a role in oxygen 
transport. However, it would also favor NO scavenging because oxyHb is the principal 
reactant in NO dioxygenation. Therefore, although we have learned the effect of PheB10 
on the chemistry of nsHbs, we cannot use this information to distinguish between the 
potential functions of oxygen transport and NO scavenging. However, we can 
differentiate between nsHb and other hxHbs; the slower autoxidation and lower 
hexacoordination affinity constants conferred by PheB10 are not shared by neuroglobin, 
cytoglobin, or Synechocystis Hb (16). 
 
Significance of Reactions with Ferric hxHbs. PheB10 prevents tight HisE7 
coordination in the ferric state, thus facilitating ligand binding by removing competition 
for the binding site. This allows ferric riceHb1 to bind ligands with submillimolar 
affinity. The potential importance of ligand binding in the ferric oxidation state has been 
greatly overlooked, but some recent work has focused on this possibility. A good example 
is found in Arabidopsis, where the three ferric hemoglobins show a peroxidase-like 
activity (55). 
In conclusion, the results presented here demonstrate the importance of Phe at the 
B10 position in plant hxHbs and suggest that reactions with ferric ligands should be 
considered because they might reflect potentially important functions. Our consideration 
of protein function underlines the intertwined chemical relationship between oxygen 
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binding and NO dioxygenation that precludes the identification of either of the two as a 
physiological function based solely on the ability of a Hb to facilitate these reactions in 
vitro. 
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protein 
 
kH2 
s-1 
k-H2 
s-1 
KH2 k'CO,pent 
μM-1s-1 
kO2 
s-1 
kox 
h-1 
νCO   (cm-1) 
H73L    400 51 0.9 1958 
F40G 260 8 33 5 n.d 60 1962 
F40A 200 4.3 47 9 n.d. 20 1938 
F40L 440 10 44 9 n.d. 50 1937 
Phe40 (wt) 75 40 1.9 7 0.04 0.08 1926 
F40Y 200 10 20 5 n.d. > 100 1964 
F40W 430 28 15 0.9 0.06 8 1933 
 
Table 1. Ferrous reactions and autooxidation. 
 
 
 
protein 
 
EMid 
mV 
(1+KH3)/(1+KH2) Kobs,azide (mM-1) 
H73L -30  0.45 
F40G -189   490 < 0.0002 
F40A -214 1300 0.0006 
F40L -173   260 0.025 
Phe40 (wt) -143     80 1.6 
F40Y -171   240 0.002 
F40W -155   130 0.0003 
 
Table 2. Reduction potentials and azide binding. 
 
  
77
 
 
 
Figure 1.  B10, E7 and F8 amino acids in the heme pockets of sperm whale myoglobin 
(2MBW), Ascaris Hb (1ASH), and riceHb1 (1D8U). 
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Figure 2.  CO binding to ferrous riceHb1 and PheB10 mutant proteins.  The time 
courses are measured at different [CO] ranging from 50 to 500 µM (after mixing).  The y-
axes are normalized to the expected ΔAbs for the reaction.  Only the wild type protein 
shows an observed ΔAbs less than that expected, and a decrease in ΔΑbs as [CO] is 
increased.  This indicates that the PheB10 mutant proteins have much larger values of KH2 
than the wild type protein.  Inset: k'CO,obs is plotted versus [CO] for each protein.  The 
asymptotes in these plots are equal to k-H2.  
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Figure 3.  CO binding to ferrous F40W.  A) Time course for CO rebinding following 
flash photolysis is biphasic. The slow phase (28 s-1) is independent of [CO].  B) The [CO] 
dependence of the faster rate constant, as measured by flash photolysis, provides k'CO and 
has a y-intercept equal to 455 s-1.  C) Rate constants for CO binding following rapid 
mixing plotted as a function of [CO].  This asymptote is the same as the slow phase in A).   
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Figure 4.  Visible absorbance spectra for deoxyferrous riceHb1 and PheB10 mutant 
proteins.  A) The two peaks associated with these proteins are indicative of 
hexacoordination, and are lacking in the pentacoordinate H73L mutant protein. The 
arrowheads indicate the bimodal shape of the F40A mutant spectrum. B) The ratio of 
absorbance at 555 nm versus 540 nm is plotted against the fraction of hexacoordinate 
protein (as measured in Figures 2 and 3).  The open circles are data taken from Smagghe 
et al. (16), with the plant hxHbs labeled explicitly and the three others (Synechocystis Hb, 
human neuroglobin, and human cytoglobin) grouped in the top right corner). PheB10 
mutant proteins are shown as filled circles.  Each mutant protein has a value of A555/A540 
> 2.0, consistent with FH values approaching 1 (similar to the bacterial and human 
hxHbs). 
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Figure 5.  CO FTIR absorbance spectra for wild type riceHb1 and each PheB10 
mutant protein. The spectrum of the wild type protein is indicative of a strong H-
bonding interaction between HisE7 and the CO ligand (6). The spectrum of the 
pentacoordinate H73L mutant protein shifts to a higher energy, suggesting that HisE7 in 
the wild type protein is the major influence on the electrostatic environment around the 
bound CO.  Each PheB10 mutant protein greatly perturbs the spectrum compared to that of 
the wild type protein. 
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Figure 6.  Autooxidation measurements.  A) Characteristic visible absorption spectra 
associated with autooxidation of wild type riceHb1. Oxidation of wild type and PheB10 
mutant protein were monitored as a decrease in absorbance at 575 nm.  B) Time courses 
for autooxidation of each PheB10 mutant protein are much more rapid than for the wild 
type or H73L mutant protein.   
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Figure 7.  Potentiometric titration experiments.  A) The absorption spectra associated 
with reduction of ferric riceHb1; the fraction of reduced protein was measured at 557 nm.  
B) The reduction potential for each protein (Eobs) is measured by sodium dithionite 
titration under anaerobic conditions and is plotted versus the fraction of reduced protein 
(Fred).  The solid lines are fits to Equation 4 with Emid as the fitted parameter.  The H73L 
mutant protein has a value of Emid that is shifted by +113 mV compared to the wild type 
protein, and each PheB10 mutant protein shifts Emid to a more negative value.   
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Figure 8.  Azide binding to ferric riceHb1 and PheB10 mutant proteins.  A) Azide 
titration curves for each protein; the solid lines are fits to Equation 3.  B) Association 
equilibrium constants for azide for wild type riceHb1 and each PheB10 mutant protein as 
measured in A).  The wild type protein has by far the largest affinity for azide.    
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Figure 9.  X-ray crystal structures of ferric, hexacoordinate F40L and F40W riceHb1 
compared to the wild type protein.  A) A space filling model of wild type riceHb1 (left) 
shows that PheB10, PheCD1, and ValE11 pack tightly against the coordinating HisE7 side 
chain.  The F40L protein (right) creates a cavity near the HisE7 side chain.  B) The 
structures of F40L (blue) and F40W (chain A, purple) are overlaid with wild type riceHb1 
(red).  HisE7 rotates in opposite directions in each mutant protein compared to its position 
in wild type riceHb1.  C) An overlay of the two molecules in the asymmetric unit of the 
F40W mutant protein shows two conformations for the Phe40 side chain.   
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CHAPTER 4: THE CONSERVED CYSTEINE E16 IN PLANT NONSYMBIOTIC 
HEMOGLOBINS REGULATES REVERSIBLE HISTIDINE 
HEXACOORDINATION  
Benoit J. Smagghe and Mark S. Hargrove 
 
ABSTRACT 
Hexacoordinate hemoglobins are ubiquitous proteins found in bacteria, plants and 
animals.  The all display the same structural characteristic corresponding to the 
coordination of the sixth heme binding site by a histidine side chain. As other 
hemoglobins, they are able to bind exogenous ligand like O2, CO and NO. Their roles, in 
their respective environments, is not yet known but a role in free radical scavenging or 
ligand sensing seems most likely.  In plants, many researches are focused on clarifying 
the role of hxHbs in NO scavenging.  All hxHbs contain a conserved Cys at the position 
E16 (CysE16) that might be involved in this function. Therefore, we have investigated the 
effect of riceHb1 CysE16 mutation on NO dioxygenation and ligand binding. Our results 
demonstrate that CysE16 is not crucial for the NO dioxygenase activity of riceHb1 but is 
an important component in the regulation of hexacoordination. 
 
INTRODUCTION 
A decade ago the hemoglobin superfamily saw the addition of a new group called 
hexacoordinate hemoglobins (hxHbs).  The discovery of this unusual group has generated 
an immense interest for the characterization of their functions.  A histidine side chain 
binding to the sixth coordination site of the heme iron (distal side) is the common 
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structural feature from which their name is derived. The coordination is reversible and 
occurs in most cases in both the ferric and ferrous forms (1-4) Members are present in 
vertebrates (3-7), plants (8) and in bacteria (9, 10). 
In plants, hemoglobins can be divided in three groups: the symbiotic Hb or 
leghemoglobins (Lbs), the truncated Hbs, and the non-symbiotic Hbs (nsHbs). 
Pentacoordinate symbiotic Hbs are found in plants engaging a symbiotic association for 
nitrogen fixation. Their role is to scavenge and deliver oxygen to the respiring bacteroids 
(11). The nsHbs are all hexacoordinate, and are present in all plants indicating a common 
and important function not yet characterized (8, 12). NsHbs can also be subdivided into 2 
classes: class 1 and class2 (13).  Works on class 1 nsHbs has propose a role as s terminal 
oxydases (14) or as a oxygen sensors (15) but not as O2 transporters as the kinetic rate 
constant for O2 are not in agreement with such a function.  However, growing evidence is 
emerging suggesting that class 1 nsHbs are involved in nitric oxide (NO) metabolism. It 
has been shown that during hypoxia (conditions that produce copious amounts of NO) 
class 1 nsHbs can influence NO levels (16-18). 
The nsHbs function is dictated, in part, by the ligand binding regulation which is 
dependent of the endogenous coordination of the heme iron binding site (2, 19). Recently, 
our group has shown that PheB10 in riceHb1 (which is conserved in plant nsHbs) controls 
hexacoordination by directly influencing the position of the HisE7 (20). Therefore, this 
residue as been selected during evolution and conserved to serve in a particular function. 
Study of the primary sequence of known nsHbs have highlighted a number of other 
conserved amino acid that might also be important for their physiological function. One 
of them is a cysteine at the E16 position present in all nsHbs (Figure 1). The role of that 
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Cys is not known in plants, but in analogy to human blood hemoglobin it might be 
involved in NO scavenging. The Cys93 of the human hemoglobin β chain, within the red 
blood cells, is proposed to be used for transport of NO (as S-nitrosated Hb, SNO-Hb) 
from oxygenated tissues to hypoxic tissues where it is unloaded to promote vasodilatation 
(21).  While the formation of SNO-Hb is well accepted, its mechanism and its 
physiological importance are in the center of an active debate (22, 23). The Cys110 of 
human myoglobin might also be able to store NO via S-nitrosation for relaxation of 
smooth muscle cell (24) and be an electron donor for reduction of the heme iron (25). In 
hxHbs, Cys involved in intramolecular disulfide bond was characterized for human 
neuroglobin (Ngb) and cytoglobin (Cgb).  The bond formation is dependent of the redox 
status of the cell (26) and regulates hexacoordination and therefore, ligand affinity (19, 
26). In riceHb1, the role of the CysE16 (or Cys83, 83th amino acid) has not been studied.  
However, studies in barleyHb have shown that the single Cys (Cys79) is involved in 
intermolecular disulfide bond arguing against its role in NO scavenging (18, 27). 
Because of the great importance of NO in vital processes and its tight relationship 
with hxHbs, we have investigated the role of the conserved Cys in plant nsHbs. We 
analyzed NO dioxygenation activity and ligand binding to the ferrous and ferric oxidation 
state of a recombinant riceHb1 protein where Ala replaced the Cys (C83A). Our results 
demonstrate that replacement of the CysE16 as only little effect on NO scavenging and 
ferric heme reduction. However, important and unexpected effects on hexacoordination 
were observed, for the first time, in both oxidation states indicating that CysE16 has a 
direct influence on the position of the HisE7 that regulates ligand binding and affinity. 
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MATERIALS AND METHODS 
Protein production.  Wild type riceHb1 was expressed and purified as describe 
earlier (28). The expression construct for the C83A mutant protein was created by site 
directed mutagenesis of the conresponding wild type expression construct (Stratagene’s 
QuickChange kit). The C83A mutant protein was expressed by the host strain BL21 DE3 
(Invitrogen) in a fermentation apparatus described previously (29). The expression media 
consisted of 20 L of Terrific Broth supplemented with 50 μg/mL kanamycin, 2g/L lactose 
and 1 mL antifoam (Sigma). The strain was cultured at 37 C with constant aeration for 
18 h without induction before being harvested by centrifugation (6000 rpm for 4 min). 
After cell lysis, the protein was purified by a three-steps process: (1) ammonium sulfate 
fractionation (2) hydrophobic chromatography (phenyl sepharose) and (3) anion-
exchange chromatography (DEAE sepharose). Finally the protein solutions were dialyzed 
into 10 mM Tris, pH 7.0. The purification efficiency was analyzed with SDS-
polyacrylamide gel electrophoresis and spectroscopic analysis of Soret/280 nm ratios 
(Hewlett-Packard diode array). 
 
NO dioxygenation. Rapid mixing experiments measuring NO dioxygenation rate 
constants have been described earlier (30) and were conducted with a BioLogic SFM 400 
stopped-flow reactor coupled to a MOS 250 spectrophotometer. Oxy-ferrous protein was 
generated by adding enzymatically reduced protein (31) to a gas tight syringe containing 
0.1 M potassium phosphate pH 7.0 (262 μM O2). The oxygen bound protein (1 to 5 μM, 
after mixing) was confirmed by recording the oxy-ferrous spectrum. The NO solutions 
were generated by mixing a saturated NO solution (2 mM) with a N2 equilibrated 
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potassium phosphate buffer (0.1 M, pH 7.0) in gas tight syringes. The saturated NO 
solution was prepared as described previously (32). Anaerobic condition in NO syringes 
was maintained as described earlier (33). Kinetic time courses were collected at different 
NO concentrations (25 to 400 μM) by recording the change in absorbance at a fixed 
wavelength (~ 516 nm). Between five and eight kinetic traces were collected and 
averaged for each time course. 
 
Enzymatic reduction. The reduction system used in the present study has been 
adapted from one described in detail previously (31). First a 1 ml cuvette was flushed for 
1 min with 1 atm CO.  Then 0.1 M potassium phosphate pH 7.0 equilibrated with 1 atm 
CO was added through a rubber stopper. After addition of 60 µM NADP+ (Sigma, St. 
Louis, MO), 0.7 U/ml glucose-6-phosphate (G6P) dehydrogenase (Roche, Pleasanton, 
CA), 1 µM ferredoxin-NADP reductase (E. Coli) and 5 µM Hb, 3mM G6P was added to 
start the reduction reaction. Absorbance spectra were collected over a period of 30 min. 
The difference in absorbance between ferric and CO-bound protein was plotted versus 
time to calculate the initial velocity of the reaction. 
 
Catalytic NO consumption experiments. A multi-port measurement chamber 
(World precision instruments, WPI) containing 0.1 M potassium phosphate pH 7.0 and 
3mM G6P, was first equilibrated with a mixture N2/O2 to reach an O2 concentration of 
4%, as measured with an oxygen electrode (ISO-OXY-2, WPI). At 4% O2, the chamber 
was closed leaving a small dead space (0.5 cm) at the surface of the solution. Then, 10 
μM Hb, 60 µM NADP+ (Sigma, St. Louis, MO), 0.7 U/ml glucose-6-phosphate (G6P) 
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dehydrogenase (Roche, Pleasanton, CA), and 1 µM ferredoxin-NADP reductase (E. Coli) 
was added to the solution to make the ferrous-oxy complex. After 10 min, 40 μM NO 
was added to the solution and its removal was measured using a NO electrode (ISO-NOP, 
WPI). The NO consumption rate was calculated from the initial velocity just after NO 
addition. 
 
Ligand binding experiments. Flash photolysis was used to assess bimolecular 
CO and O2 association rate constants. This method was conducted using a YAG laser 
apparatus described previously (1) for the flash photolysis of the ligand. 
Hexacoordination equilibrium constant was calculated using rapid mixing experiment as 
describe earlier (19). O2 dissociation rate constant was measured as describe previously 
(4) using a BioLogic SFM 400 stopped-flow reactor coupled to a MOS 250 
spectrophotometer. Azide binding was measured by equilibrium titration of ferric Hb with 
sodium azide (20). The association equilibrium constants (Kobs,azide) for each protein 
(Table 2) were extracted using the following equation where FB is the fraction of azide-
bound protein: 
 
F B =
K obs ,azide [ azide ]
1+ K obs ,azide [ azide ]    Equation 1. 
 
Autooxidation. A Varian Cary 50 spectrophotometer was used to monitor 
oxidation of oxyferrous samples as described by Brantley et al. (34). 
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FTIR spectroscopy: Samples of CO-bound Hb were prepared as described 
previously (35). Briefly, the protein was reduced with a dithionite solution in an 
Eppendorf tube equilibrated with CO.  The protein sample was added to a BioCell cuvette 
(BioTools, Inc) and spectra acquired with a Nicolet Nexus 470 FTIR spectrometer 
(Nicolet Instrument Corp., Wisconsin). Spectra were recorded at 1 cm-1 resolution in the 
region 1800-2100 cm-1. Up to 128 interferograms were collected for all samples and their 
corresponding deoxy protein controls. The final IR spectra were corrected for buffer 
background. 
 
Spectroelectrochemistry. Potentiometric titration was conducted as described 
earlier (36). Briefly, titration of 10 µM Hb was carried out at 25 °C in argon saturated 0.1 
M potassium phosphate, pH 7.0. Ferric protein was titrated stepwise with a solution of 
sodium dithionite (40 mM) previously sparged with argon. Reduction was monitored by 
recording the absorbance spectrum in the visible region (500-700 nm), and the 
corresponding cell potential was noted for every addition of dithionite after attainment of 
equilibrium. Midpoint potentials were extracted from the change in absorbance by the 
following general equation (37): 
 
F reduced = e
− nF E obs − E mid( )
RT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
1 + e −
nF E obs − E mid( )
RT
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
  Equation 2 
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Freduced is the fraction of sodium dithionite-reduced protein, Eobs is the observed cell 
potential, and Emid is the fitted midpoint potential. 
 
RESULTS 
NO dioxygenation activity. The reaction of NO with oxyHbs has been reported 
earlier for Mb, Ngb and plant hxHbs (30, 33, 38). For Mb, no limiting reaction was 
observed at the different [NO] used is the present study (Figure 1A) and the data are 
similar to the one previously published (30). Because the bi-molecular reaction is so fast, 
and because of the limits of the apparatus, only low [NO] were used.  As mentioned 
earlier for Ngb (33) and probably for all hxHbs, the NOD reaction is very fast and it is 
believed that the limiting reaction is the dissociation of the peroxynitrite intermediate. As 
a result, rate constants for NOD are similar at any [NO]. However, this rate is variable for 
the Hb tested. Here, we show that a single mutation (C83A) in riceHb1 can influence the 
dissociation of the peroxynitrite intermediate. In fact, riceHb1 C83A has a rate of NOD 
twice as fast as the wild type protein (Table 1). 
To be a NOD it is not sufficient to simply react with NO. The key reaction is the 
re-reduction of the ferric heme iron resulting from the reaction of O2 and NO with 
production of NO3-. Flavohemoglobin, a known NOD in E. coli, contains a reductase 
domain that efficiently reduces the hemoglobin domain after reaction with NO (39, 40). 
Here, we chose to use the ferredoxine NADP+ reductase from E. Coli as a reduction 
system. The effect of substrate (Hb) on reduction velocity is shown in Figure 2B. This 
plot shows enough curvature to allow calculation of kcat and KM for each protein (Table 
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1). The values calculated for riceHb1 are two times higher than the values calculated for 
riceHb1 C83A. 
With those reduction rates in mind we looked at the catalytic in vitro NO removal 
in presence of our reduction system and the kinetic of consumption is shown in Figure 
2C. In the absence of Hb, NO is consumed over a period of about 30 minutes. The 
presence of the reduction system slightly accelerates the consumption. In presence of 10 
µM Hb, the consumption is even faster. First about 25% (10 µM) of the signal is lost due 
to the rapid stoichiometric NOD. Then the signal decays linearly until total removal of 
NO indicating a catalytic NO consumption due to the NOD activity of Hb. Interestingly, 
under similar conditions, a linear relationship between the rate of NO consumption and 
the rate of Hb reduction is observed (Figure 2D) indicating that NOD activity of riceHb1 
and riceHb1 C83A is limited by the rate of re-reduction of the heme iron (Table 1). 
 
Ferrous ligand binding and hexacoordination. Intramolecular hexacoordination 
and exogenous ligand binding is described by the following reaction (1): 
Hb H ←
→
k H
k − H
Hb P →
k ' L [ L ]
Hb L    Equation 3 
Flash photolysis enables us to calculate the binding rate constant to HbP (k’L).  If k'L[L] 
>> kH and k-H, bimolecular ligand rebinding following the flash out-competes His 
binding and a y-intercept near zero should be observed on the plot of observed rate vs 
[L]. However if k'L[L] is not >> kH and k-H, a positive y-intercept will be observed. The 
kinetic traces of CO rebinding to riceHb1 and riceHb1 C83A, were fitted to a double 
exponential and the sum of the two rates (γ1 + γ2) is plotted vs [CO] in Figure 4A. The 
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rate constant for bimolecular CO binding (k’CO) calculated from the slope of the linear fit 
is similar for each protein (Table 2). In this case, positive y-intercepts are observed 
indicating that the bimolecular rate is not high enough to compete with the distal histidine 
binding (1).  Concerning O2 rebinding, a single exponential fit of the kinetic traces was 
sufficient. The observed rate (kobs) extracted for different [O2] is plotted vs [O2] in Figure 
4B. The rate constant for bimolecular O2 binding (k’O2) calculated from the slope of the 
linear fit is almost 2 times faster for riceHb1 C83A (Table 2). Also, the y-intercept for the 
wild type protein is near “0” indicating that this time the bimolecular rate constant is fast 
enough to compete with the histidine side chain. However, because of faster bimolecular 
rate and higher y-intercept, faster hexacoordination rate constants for the mutant protein 
are expected (1). 
Ligand binding can also be initiated by rapid mixing (41, 42). This type of 
experiment has been described in details elsewhere (19). Considering a rapid equilibrium 
between HbH and Hbp, binding will follow a single exponential according to the 
following equation: 
][
][
'
'
, COkkk
COkkk
COHH
COH
COobs ++= −
−
    Equation 4 
 
However, if the equilibrium is not fast enough, an appreciable fraction of Hbp will be 
present and the binding will follow the following equation (19): 
 
ΔAobs =ΔAT ( FP e − kCO' [ CO ]*t +FH e − kobs ,CO' [ CO ]*t ) Equation 5 
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In this case two rates will be observed associated with binding to the two protein forms. 
As shown before for riceHb1, the bi-molecular rate constant for binding to HbP is faster 
than the dead time of the apparatus and lost in reaction amplitude proportional to the 
fraction of Hbp was noticed (19). Figure 5A show the reaction time courses at different 
[CO] for riceHb1 C83A. The first thing to notice is that no loss in amplitude is observed, 
indicting that no significant pentacoordinate fraction is present. This agrees with the 
scenario 3 described earlier where k’CO is not >> k-H and kH.  A single exponential 
describes the kinetic traces and the observed rate constant (kobs) corresponding to each 
time course is plotted vs [CO] in the Figure 5B. The fitted data to Equation 4 show an 
asymptote equal to k-H that is similar for both proteins (Table 2). In addition, with k-H (as 
the asymptote) and k’CO (from flash photolysis) fixed, we were able to calculate kH, 
which is 15 times faster for the mutant protein (Table 2). Calculated rate constant for 
ligand binding and for hexacoordination are reported in Table 2, as is the calculated 
equilibrium constant for hexacoordination (KH). The effect of this particular mutation is 
comparable to the effect observed earlier for B10 mutant proteins (20). In both case k-H 
and kH are affected. However, for the C83A mutant protein, only a slight decrease in k-H 
is noticed and a more important increased of kH is observed. 
A characteristic of the hxHbs ferrous spectrum is the presence of 2 bands in the 
visible region (α and β bands). As describe earlier, this distinctiveness can be used for 
accurate estimation of KH (19). Visible deoxy-ferrous spectra of wild type riceHb1 and 
C83A mutant protein are shown in Figure 5A. The good correlation between the ratio 
A555/A540 and FH (calculated from rapid mixing) is an excellent predicator of KH. A low 
ratio, represent a low FH and therefore a low KH ((FH=KH/(1+KH)). The reverse is also 
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true, with high ratio representing a high KH. As shown in Figure 5B, the riceHb1 B10 
mutant proteins and the C83A protein are grouped together (top left corner) indicating 
high KH, which is in accordance to the rapid mixing experiment. However, wild type 
protein, with significant pentacoordinate fraction in the ferrous form, shows lower ratio 
and therefore lower KH. These results show that, like the PheB10, CysE16 can affect 
hexacoordination by influencing the bond between HisE7 and the heme iron. 
Another consequence of B10 mutation was the reduction of the oxyferrous 
complex stability, due in part to a fast autooxidation rate. Therefore, oxygen rate 
constants were almost impossible to measure using standard techniques. Only the F40W 
oxyferrous complex was stable enough to calculate the rate of O2 dissociation (20). 
Concerning the C83A mutant protein, the oxyferrous complex is very stable as 
demonstrated by its relatively slow autooxidation rate (Figure 6, Table 2). The 
dissociation rate constant was therefore possible to calculate.  In combination with the 
oxygen association rate constant to the pentacoordinate form (KO2,pent), and the 
hexacoordination equilibrium constant (KH, calculated from rapid mixing), the oxygen 
affinity (Table 2) was calculated using the following equation: 
H
pentO
O K
K
K += 1
,2
2      Equation 6 
 
Structural consequences of the CysE16 mutation. No structural information is 
available describing the changes that occur after ligand binding to riceHb1. However, the 
crystal structure of cyanide-bound barleyHb has been recently solved (Hoy unpublished 
data). With 82% identity between rice and barley Hb it is very likely that the observed 
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rearrangement in barleyHb might also happen in riceHb1. Upon ligand binding, a large 
shift of the E helix (from C-term to N-term) with rearrangement of the CD and EF loop 
was observed.  
Structural information for riceHb1 can be attained in part by CO FTIR analysis. 
This method allows us to study the electrostatic environment around the bound ligand. 
FTIR spectroscopy measure C-O stretching frequency that can be perturbed by 
electrostatic charges surrounding the bound ligand (35, 43, 44). In the cyanide-bound 
barleyHb, ligand is stabilized by a H-bond (positive charge) with HisE7. This typical 
interaction is observed in the CO-FTIR spectrum with a characteristic peak at low 
frequency (Figure 7). RiceHb1 has a FTIR spectrum similar to barleyHb suggesting 
similar changes after ligand binding (Figure 7). For the riceHb1 H73L mutant, the 
pentacoordinate version of riceHb1, no such peak was observed. The peak is shifted to 
higher frequency demonstrating the role of HisE7 in ligand stability.  
A recent study showed that the FTIR spectra of several B10 mutant proteins are 
different from the wild type ((20), Figure 7). The common feature is a shift of the average 
ν0 (Table 2) to higher frequency indicating a decrease of the positive charge around CO 
and therefore weakest hydrogen bound between HisE7 and the bound ligand. As shown on 
Figure 7, the FTIR spectrum of the C83A mutant is similar to the B10 mutant protein 
F40A. The three peaks in the F40A spectrum, corresponding to the three different 
conformers observed in riceHb1 wt spectrum, are all shifted to higher frequencies. 
However, those three peaks in the C83A mutant protein are at frequencies similar to the 
wt peaks, but the fraction of the A0 conformer is higher.  In addition, C83A ν0 is also 
  
99
 
similar to other B10 mutant proteins (20) indicating that CysE16 and PheB10 have a 
common effect in ligand binding regulation. 
 
Ferric hexacoordination and ligand binding. 
The results presented above show that CysE16 can regulate the coordination by the 
HisE7 of the heme iron in the ferrous oxidation state and therefore the ligand binding. 
Smagghe et al. (20) have shown similar role for PheB10 in both oxidation state. In the 
ferric form, using spectroelectrochemistry and azide binding experiments, they show that 
PheB10 also regulates ferric hexacoordination. Therefore we have conducted similar 
experiments to study effects of C83A mutation on ferric hexacoordination and ligand 
binding. 
 
Electrochemistry.  We first determined the midpoint potential for the C83A 
mutant protein. This potential is used to quantify the free energy that is necessary to 
reduce the protein. As shown earlier for pentacoordinate Mb and Lba (45, 46), the 
positive midpoint potential indicates that the ferrous state is thermodynamically more 
stable than the ferrous state of hxHbs whose midpoint potential are negative (36). This 
shift is due to hexacoordination and its effect as already been described (36). 
The spectral change from ferric to ferrous C83A following sodium dithionite 
titration is shown in Figure 8A. The plot of the fraction reduced (Fred) in function of the 
observed midpoint potential (Eobs) for wt and mutant proteins is shown in Figure 8B. 
Data for the riceHb1 E7L mutant, the pentacoordinate form of riceHb1, show the effect of 
hexacoordination (by HisE7) on the midpoint potential. The calculated midpoint potential 
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for C83A, and other proteins, are included in Table 3. As for the B10 mutant proteins, a 
shift towards more negative values of the midpoint potential is noticed. However, the 
effect of the substitution of CysE16 is less pronounced. 
The influence of hexacoordination can be study using the following equation (36): 
F reduced = e
− nF E obs −E mid , pent( )
RT
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
1+ K H 3
1+ K H 2
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ + e
− nF E obs −E mid , pent( )
RT
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
   Equation 7. 
 
Equation 7 shows that both, ferric and ferrous equilibrium constants for hexacoordination 
will affect the reduction midpoint potential.  The ratio of the ferric and ferrous KH can be 
calculated from the following equation (6) (36): 
 
( )
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=⎟⎟⎠
⎞
⎜⎜⎝
⎛
+
+ RTEEnF
H
H
pentmidobs
e
K
K ,
2
3
1
1
   Equation 8. 
 
This is only true if the reduction midpoint potential for the pentacoordinate (Emid,pent) 
form of the hxHb can be measured.  The calculated ratio will indicate the relative value of 
equilibrium constant for hexacoordination in both oxidation states. As for PheB10 mutant 
proteins, the ratio value for C83A is higher than for the wt protein (Table 3). The 
combination of more negative midpoint potential and higher ratio is indicative of 
stabilization of the ferrous state by the CysE16. 
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Azide binding.  The results presented above indicate that the CysE16 substitution 
will increase the equilibrium constant for hexacoordination in the ferric form increasing 
the competition between exogenous ligand and the side chain of the HisE7. Therefore a 
decrease in the affinity for a ferric ligand is expected. A similar effect was observed 
earlier for PheB10 mutant proteins (20). The relation between association equilibrium 
constant for binding to hxHbs (Kobs,L) and equilibrium constant for hexacoordination 
(KH) is described by the following equation where Kpent= (k’L/kL) (4): 
 
H
pent
Lobs K
K
K += 1,     Equation 9 
Kobs,L was calculated for C83A by equilibrium titration using azide as ferric ligand 
(Figure 9A). Fitted titration data to Equation 1, indicate that association equilibrium 
constant for C83A decreases compare to the wt protein but is higher than any other B10 
mutant proteins (Figure 9B, Table 3, (20)).  The wild type protein has a higher affinity for 
azide by 40-fold compared to C83A mutant protein. 
 
DISCUSSION 
In general, Cys is important for the activity of proteins and can be involved in 
intra and/or intermolecular disulfide bonds stabilizing the tertiary and quaternary 
structures of proteins.  The conservation of Cys within the different group of Hbs might 
indicate an important role in their physiological function. The results presented here 
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demonstrate that CysE16in riceHb1 is involved in ligand binding by directly influencing 
hexacoordination. 
 
Cys, ligand binding, and hexacoordination-  Ligand binding in Hbs is closely 
regulated by conserved residue within the Hb superfamily (20, 34, 35, 47-49).  In plant 
hxHbs, the HisE7 on the distal side and the HisF8 on the proximal side are coordinating the 
heme group (2). The HisE7 can also directly interact with the bound ligand to stabilize it.  
In both penta and hexacoordinate Hbs, the position of the HisE7 is directly influenced by 
the presence in the heme pocket of other amino acid like the one at the position B10 (20). 
In fact the B10 side chain can interact directly with the HisE7 and modulate its orientation 
in favor of the H-bond stabilization of the bound ligand (20).  In addition, HisE7 is able to 
reversibly coordinate the ligand binding site of the heme iron. This interaction is very 
important for the stability of the protein and is influence by its environment (50, 51). 
Here we show that CysE16 has similar effects as the B10 residue in riceHb1.  
Without the Cys at this position the hexacoordination in both the ferrous and the ferric 
state are greatly enhanced as demonstrated by the values of KH and the ratio 
(1+KH3)/(1+KH2).  Compare to PheB10 substitution, the final effects are similar but the 
ways that the ferrous equilibria for hexacoordination is reached differ.  As reported in 
Table 2, without the Cys, dissociation rate constant of the HisE7 is not affected and 
association rate constant is a lot faster. Without Phe at the B10 position, both rates were 
affected (20). In the ferric form, the equilibrium constant for hexacoordination is 
enhanced by PheB10 or CysE16 substitution as demonstrated by the observed association 
rate constant for azide (Figure 9, (20)).  By consequence, those two residues have been 
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selected to decrease ferric and ferrous hexacoordination increasing the accessibility of the 
heme binding site. 
As shown earlier using CO-FTIR spectroscopy, upon ligand binding, 
rearrangement are observed and the HisE7, helped by the PheB10, moved to a position 
where it can H-bond with the ligand (20). Our results also show that CysE16 participates 
in orienting HisE7 in the right position to stabilize the ligand (Figure 7). This finding is 
reinforced by the fact that the rate of autooxidation is faster in the C83A mutant protein 
indicating weakest H-bonding between O2 bound and HisE7 (Figure 6).  However, the 
oxy-complex is stable enough to measure O2 dissociation and O2 stabilization is stronger 
than in the CysE16 mutant barleyHb (27). 
The effect of the PheB10 were not so surprising as the side chain is located in the 
heme pocket close enough to the distal HisE7 to influence its position.  However, the 
CysE16 is not in the heme pocket and is far from HisE7 (Figure 10).  A closer look at the 
riceHb1 crystal structure show that the CysE16 can be involved in hydrophobic 
interactions with other amino acids from the A and H helices (Figure 10).  Those forces 
are known to participate in the stabilization of the tertiary structure and therefore, 
removal of the CysE16 could destabilize the interaction between E and A/H helices giving 
the E helix more freedom to move entraining with it the HisE7. 
 
Structural implication of Cys in Hbs.  The fact that almost all nsHbs possess 
only one Cys argue against the formation of intramolecular disulfide bond as observed for 
Ngb and Cgb in function of the redox statue of the cell (26). Arabidopsis Hb1 is the only 
one presenting in its primary sequence two Cys next to each other (Figure 1). In analogy 
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to human hxHbs, those residues might be able to engage intramolecular bond formation 
in response to oxidative change in its environment.  However, nothing is against the fact 
that those Cys could form intermolecular bond between Hb monomers. In fact, 
dimerization involving disulfide bridges has been demonstrated earlier for Ngb (6), Cgb 
(52, 53) and barleyHb (27). In plant nsHbs, barleyHb is the only one where such bond 
was characterized (27), but other have shown that the crystal structures of riceHb1 (2), 
barleyHb (Hoy, unpublished data) and cornHb1 (smagghe, unpublished data), all class 1 
hxHbs, show dimerization by contacts between the G helix and the region between the B 
and C helices of the partner subunit.   
In human myoglobin, this type of association was observed after reduction of the 
heme iron under CO atmosphere. Electron transfer from the Cys induce the formation of 
the cysteinyl radical that can interacts with another radical from an adjacent Mb molecule 
by forming a disulfide bond (25). Therefore, disulfide bond-dependent quaternary 
structure formation in plant nsHbs is not improbable but will be dependent on the cellular 
environment. Such structure, with contact between the E helix of each subunit, will 
certainly influence the reactivity of the protein in question. In fact, the effect on ligand 
affinity is the direct consequence of the intramolecular bond in Ngb and Cgb responsible 
for localized structural rearrangements (19, 26). 
In conclusion, the results presented here show that the CysE16 in riceHb1 and 
probably in all plant hxHbs, is important for ligand binding regulation.  However, its 
physiological function is not clear, as it is not essential for NO dioxygenation. In fact, if 
CysE16 is involved in dimer formation via disulfide bond, its role in NO scavenging is 
compromised, as describe earlier for barleyHb (18, 27).  Therefore, the Cys in plant 
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hxHbs might be involved in functions other than NO detoxification and its role in NO 
transport or in reduction processes should be the next line of study. 
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protein 
 
kH2 
s-1 
k-H2 
s-1 
KH2 k'CO,pent 
μM-1s-1 
k’O2 
μM-1s-1 
kO2 
s-1 
KO2 
μM-1 
kox 
h-1 
νCO 
(cm-1) 
H73L    400  51  0.9 1958 
F40A 200 4.3 47 9  n.d.  20 1938 
Phe40 (wt) 75 40 1.9 7 42 0.04 362 0.08 1926 
C83A 1300 30 44 10 71 0.14 11 1.2 1936 
 
Table 1. Ferrous reactions and autooxidation. 
 
 
protein 
 
EMid 
mV 
(1+KH3)/(1+KH2) Kobs,azide (mM-1) 
H73L -30  0.45 
Phe40 (wt) -143     80 1.6 
F40A -214 1300 0.0006 
C83A -153   130 0.04 
 
Table 2. Reduction potentials and azide binding. 
 
 
 
Table 3. NO and reduction rate constants. 
 
 kobs,NO
D
* 
μM s-1 
kCAT 
vs 
FdR 
min -
1 
K
m 
μM
Observed 
Hb 
reduction 
μM/min-1
Observed 
NO 
consumption 
μM/min-1 
KD,NO
(Fe3+) 
μM 
RiceHb1 91 5 20 1.6 2.9 42 
C83A 200 2.4 11 0.73 0.5 373 
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Figure 2: NO dioxygenation activity and enzymatic reduction. A. Plots of kobs,NOD vs 
[NO] for the NOD reaction following rapid mixing. B. Enzymatic reduction by 
ferredoxin-NADP reductase. V/[ET] calculated at different Hb concentration is plotted vs 
[Hb]. The fit to the Michaelis-Menten equation gives Km and Vmax for reduction of each 
protein. C. Consumption of 40 μM NO by 10 μM oxyHb as measured by an NO 
electrode, in the presence of ferredoxin-NADP reductase (1 μM). For each protein, after 
addition of NO, the signal drops by ~10 μM corresponding to stoichiometric NOD. [NO] 
then decreases linearly indicating catalytic NO destruction. Rates of consumption were 
calculated from the linear phase of catalytic NO removal. D. plot of observed NO 
consumption vs. observed reduction rate in similar conditions (10 μM Hb). The linear 
correlation indicates that NO consumption is rate limited by the rate of re-reduction of the 
ferric Hb. 
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Figure 3: Ligand rebinding following flash photolysis A. Plot of the sum of γ1 and γ2, 
extracted by the double exponential fit of each kinetic traces, in function of [CO]. The 
slope of the linear fit provides k'CO. The calculated values are 8 and 10 μM-1s-1 for 
riceHb1 and riceHb1 C83A, respectively.. B. The rate constants (kobs) extracted from 
flash photolysis, at each [O2] for each protein is plotted versus [O2]. The slope of the 
linear fit provides k’O2. The calculated values are 42 and 71 μM-1s-1 for riceHb1 and 
riceHb1 C83A, respectively. Data from RiceHb1 are from Smagghe et al (19). 
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Figure 4: CO binding to RiceHb1 C83A. A. Time courses for CO binding to RiceHb1 
C83A following rapid mixing at different CO concentrations (50 to 500 μM, right to the 
left). B. CO dependence of the rate constant kobs, extracted from the single exponential fit 
of the time courses, for binding to RiceHb1 C83A. The data are fitted to Equation 4 to 
extract kH and k-H. Data from RiceHb1 are from Smagghe et al (19). 
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Figure 5: Visible absorbance spectra for deoxyferrous riceHb1 and C83A mutant 
protein. A. The two peaks associated with these proteins are characteristic of 
hexacoordination.  B. The ratio of absorbance at 555 nm versus 540 nm is plotted against 
the fraction of hexacoordinate protein.  RiceHb1 wt (empty circle) and PheB10 mutants 
(crossed circle) are data taken from Smagghe et al. (20).  The C83A mutant (filled 
square) is among the PheB10 mutants with value of A555/A540 > 2.0 and FH value 
approaching 1. 
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Figure 6: Autooxidation measurements.  Oxidation of wild type, F40A and C83A 
mutant proteins was monitored as a decrease in absorbance at 575 nm. Time course for 
autooxidation of C83A mutant is intermediate between F40A mutant protein the wild type 
protein. Data for wild type and F40A proteins were from Smagghe et al (20). 
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Figure 7 CO FTIR absorbance spectra for wild type riceHb1 and C83A mutant 
protein. The spectrum of the wild type protein and barleyHb are similar and is indicative 
of a strong H-bonding interaction between HisE7 and the CO ligand (kundu 2004). The 
spectrum of the pentacoordinate rice H73L mutant protein shifts to a higher energy, 
suggesting that HisE7 in the wild type protein is the major influence on the electrostatic 
environment around the bound CO.  C83A and F40A mutant protein greatly perturbs the 
spectrum compared to that of the wild type protein. Data for wild type, H73L and F40A 
proteins were from Smagghe et al (20). 
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Figure 8:  Potentiometric titration experiments.  A. The absorption spectra associated 
with reduction of ferric riceHb1 C83A; the fraction of reduced protein was measured at 
557 nm.  B. The reduction potential for each protein (Eobs) is measured by sodium 
dithionite titration under anaerobic conditions and is plotted versus the fraction of 
reduced protein (Fred).  The solid lines are fits to Equation 2 with Emid as the fitted 
parameter.  The H73L mutant protein has a value of Emid that is shifted by +113 mV 
compared to the wild type protein, and C83A mutant protein shifts Emid to a slightly more 
negative value. Data for wild type and F40A proteins were from Smagghe et al (20). 
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Figure 9:  Azide binding to ferric riceHb1 and C83A mutant proteins.  A. Azide 
titration curves, the solid lines are fits to Equation 1.  B. Association equilibrium 
constants for azide for wild type riceHb1 and C83A mutant protein as measured in A.  
The wild type protein has the largest affinity for azide. Data for wild type and F40A 
proteins were from Smagghe et al. (20).   
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Figure 10: Crystal structure of riceHb1 (1D8U PDB code). The backbone ribbon 
diagram (green) shows part of the A, E, F and H helices, including HisE7 and HisF8 that 
coordinate the heme iron. The residues within 5 Å of the CysE16 are shown. Figure was 
generated using Swiss PDB viewer. 
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CHAPTER 5: DIFFERENT OXYGEN AFFINITY BETWEEN EACH CLASS OF 
PLANT HEMOGLOBIN PREDICTS POSSIBLE DIFFERENT FUNCTIONS 
Benoit J. Smagghe, Julie A. Hoy, Suman Kundu, Jean-louis Hilbert and Mark S. 
Hargrove 
 
ABSTRACT 
Plant hemoglobins fall into two distinct families, the leghemoglobins (symbiotic), 
and the non-symbiotic hemoglobins (nsHbs). NsHbs differ from leghemoglobins, with 
structural and biophysical properties that group them in a group called hexacoordinate 
hemoglobins (hxHbs). Phylogenetically, nsHbs are grouped into two different classes: 
class 1 and class 2 plant Hbs. Most works concentrate on class 1 nsHbs, but their function 
is still uncertain and the function of class 2 is even more obscure.  
No reports comparing the oxygen affinity of plant Hbs from different classes are 
available. Therefore, this report presents all the components necessary to determine with 
certitude the oxygen affinity from class 1 and 2 nsHbs. Our results show that class 2 
nsHbs are the closest ancestor of symbiotic Hbs and that each individual class display 
unique affinity for oxygen.  Structural analyses have also been conducted. The crystal 
structure of class 1 maize hemoglobin Hbm1 is shown at 2.2 Å resolution. As predicted 
earlier, its structure and kinetics data are very closed to class 1 riceHb1, showing a 
possible common function. The CO-FTIR spectra confirm the similarity and show a 
different electrostatic environment around the bound ligand for class 1 maize hemoglobin 
Hbm2 and for class 2 nsHbs from chicory  
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Interestingly, this report is the first evidence, that each class of plant Hbs might 
have different functions in their respective organism and that the unique behavior of class 
1 nsHbs suggests they harbor novel functions, such as regulation of NO levels under 
hypoxic conditions. 
 
INTRODUCTION 
 Hemoglobins (Hbs) are heme proteins present in all kingdoms of life (1-3). In 
plants, they fall into three groups: symbiotic "leghemoglobins" (Lbs), nonsymbiotic 
(nsHbs), and truncated (trHbs). Lbs are only found in plants capable of symbiotic 
nitrogen fixation, where their function is to scavenge and deliver O2 to respiring 
bacteroids (4). NsHbs are present in all plants and their function is not yet clearly 
identified (5, 6). Phylogenetic analysis classified them in two different classes. The nsHbs 
from dicot are present in class 1 and 2, however nsHbs from monocot are observed only 
in class 1. The class 2 is also represented by symbiotic Hbs (7). Research on class 1 
nsHbs supports the idea that these proteins could function as terminal oxydases (8) or as a 
oxygen sensors (9). They display relatively high O2 affinities and slow dissociation 
kinetics, suggesting a function other than the transport of O2 for cellular respiration (10). 
Recently, it has been suggested that during hypoxia, class 1 nsHbs could act as 
dioxygenases to control the NO levels typically produced under these conditions (11, 12).  
They have also been reported to increase survival after hypoxic stress (13), and to protect 
the plant in response to a pathogenic attack (14). Research has been focus on class 1 
nsHbs and very few data are available to hypothesize any function for the class 2 nsHbs. 
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 Regulation of ligand association and dissociation in hexacoordinate Hbs (hxHbs) 
is influenced by reversible intramolecular coordination of a histidine side chain to the 
ligand binding site of the heme iron (15).  Accordingly, nsHbs are also called hxHbs, 
because all six iron coordination sites are filled in the absence of exogenous ligands.  Due 
to the effects of hexacoordination, ligand binding in nsHbs (and in hxHbs in general) is 
much more complex than the bimolecular reactions observed in pentacoordinate Hbs like 
myoglobin and Lba (6, 16). Surprisingly, all hxHbs including nsHbs across and within 
plant species display a large degree of variability in their biophysical properties (16-20), 
suggesting that they could have different functions depending on the organism, the class 
of nsHb, or the protein localization (18, 21-23).  However, in spite of the importance of 
oxygen binding to potential roles in oxygen transport, sensing, or mediation of NO 
destruction, there has been no comparison of oxygen affinities for different classes of 
nsHbs, or across species.  Reports of variability in nsHb biochemistry have so far been 
limited to kinetic rate constants for ligand binding and hexacoordination (10, 16, 19, 24). 
With the goal of understanding how these biochemical differences might be 
related to function, and in an effort to better understand maize nsHbs due to its 
agricultural importance, Saenz-Rivera et al. (25) have reported a structural model of one 
maize nsHb (Hbm1) created by sequence-threading using the crystal structure of riceHb1 
as a template (25).  Their results suggest that rice and maize Hbm1 are nearly identical.  
The potential for biochemical variation among nsHbs within and across species is 
potentially at odds with the conclusion that Hbm1 and riceHb1 share such similarity, and 
it is proposed that a direct comparison of structure and oxygen binding in maize and rice 
nsHb and other nsHbs is required to resolve this discrepancy.   
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In the present study, rate and affinity constants for oxygen binding are reported 
for class 1 nsHbs (maize and rice) and for class 2 nsHbs (Chicory, C. intybus L., var. 
sativum×C. endivia L., var. latifolia).  Fourier transform infrared (FTIR) spectroscopy 
measurements of C-O stretching frequencies (νCO) in the carbon monoxide-bound nsHbs 
report the electrostatic environment surrounding the bound ligand in each protein (26, 
27).  We also present the crystal structure of ferric Hbm1 at 2.2 Å resolution, and 
compare it to both the crystal structure of riceHb1 and the Hbm1 model by Saenz-Rivera 
et al. (25).  Our results indicate significant differences between these nsHbs with respect 
to rate constants for oxygen association and hexacoordination.  However, when the 
effects hexacoordination are taken into account, oxygen affinity is similar within each 
class of nsHbs. In class 1 nsHbs, this might be a consequence of similar structure as 
noticed between riceHb1 and Hbm1.  The significance of those results lies in their 
support of a common role of oxygen binding in the function of nsHbs.  The relationship 
of this role to physiological function could involve oxygen sensing or NO dioxygenation.   
 
MATERIALS AND METHODS 
Recombinant protein production and purification.  Chicory hemoglobins 
ChicHb1 and ChicHb2 (GeneBank accession number AJ007507 and AJ277797, 
respectively) and maize hemoglobins were expressed and purified as described by 
Smagghe et al. (16). RiceHb1 and riceHb2 wer expressed and purified as described 
earlier (28, 29). For ChicHb1 and ChicHb2, the media was supplemented with lactose 
(4g/L) and for ChicHb2, 3 µg/ml hemin chloride (solubilized in 0.1 M NaOH) was added 
after induction with isopropyl-1-thio- -D-galactopyranoside (IPTG, Sigma) at OD600 of 
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0.8.  The purification efficiency was analyzed with SDS-polyacrylamide gel 
electrophoresis and spectroscopic analysis of Soret/280 nm ratios (Hewlett Packard diode 
array). 
 
CO binding kinetics.  Flash photolysis was used to measure the bimolecular CO 
association rate constant as described previously (10). Rapid mixing experiments for CO 
binding were conducted as described by Smagghe et al. (16). 
 
Oxygen binding kinetics.  Flash photolysis was used to assess the bimolecular 
O2 association rate constant. This method was conducted using a YAG laser apparatus 
described previously (10) for the flash photolysis of the ligand.  To assess O2 dissociation 
rate constants, a rapid mixing experiment was performed using a CO solution (1 mM + 
100 µM sodium dithionite) as the displacing ligand (30). This method was conducted 
using a BioLogic SFM 400 stopped-flow reactor coupled to a MOS 250 
spectrophotometer. The process to prepare the oxygenated samples was previously 
described (30). For Chicory Hbs, the protein was first enzymatically reduced in a N2 
sparged eppendorf and then added to a syringe containing air-equilibrated buffer.  All 
kinetic experiments were conducted in 0.1 M potassium phosphate buffer (pH 7.0) at 
20ºC. Data analysis and generation of the figures was done using the software Igor Pro 
(Wavemetrics, Inc). 
 
 FTIR spectroscopy.  Samples of CO bound proteins were prepared as 
described previously (31). Briefly, the proteins (2-3 mM) were reduced with a dithionite 
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solution in an Eppendorf tube equilibrated with CO. The protein sample was added to a 
BioCell cuvette (5 mm thickness × 50 mm diameter, separated by a 40 μm spacer; 
BioTools, Inc.) and spectra acquired with a Nicolet Nexus 470 FTIR spectrometer 
(Nicolet Instrument Corp., Wisconsin) coupled to an external liquid-nitrogen cooled 
MCT detector. Spectra were recorded at 1 cm-1 resolution in the region 1800-2100 cm-1. 
The final IR spectra were corrected for buffer background by subtraction of the sample 
and control data. 
 
Hbm1 crystallization and structure determination.  The protein was first 
oxidized by addition of a slight molar excess of potassium ferricyanide that was removed 
by using a G-25 size-exclusion column equilibrated with 10 mM potassium phosphate 
(pH 7.0).  Hanging-drop vapor diffusion was used for crystal growth.  The drop was 
composed by 2 μL of 2.7 mM Hbm1 and 2 μL of crystallization buffer. This mother 
liquor was 20% polyethylene glycol monomethylether 1900, 0.1 M sodium acetate (pH 
5.6), 0.2 M ammonium sulfate. Protein crystals grew within a week at 4°C. 
Diffraction data were collected at 100K on a Rigaku/MSC home-source generator 
and processed using d*TREK (32). CCP4 was used to solve the structure by molecular 
replacement with the riceHb1 (PDB code 1D8U). A crystallographic R-value < 50 was 
obtained for the initial molecular replacement solution. The structure was then refined 
using REFMAC (33), a program from the CCP4 suite (34), and by manual rebuilding 
using O (35). The final tetramer model contains 584 amino acids and 584 water 
molecules with R=20.3% and Rfree=25.3%. The crystal cell constants and refinement 
statistics are presented in table1. The program LSQMAM from the Uppsala Software 
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Factory (36) was used to find the average rmsd (root mean square deviation) among the 
four monomers of the Hbm1 structure and all other rmsd calculation.The monomer B was 
used for comparison with the monomer A of riceHb1 Structure alignments and structural 
illustrations were done using Deep View SwissPdbViewer (37) 
 
Phylogenetics.  The nucleotide sequences were aligned using CLUSTALW. 
Cladistic analysis was carried out using MEGA 3.1.  Maximum parsimony bootstrap (500 
replicates) analysis was used to generate the tree in Figure 2. The outgroup is composed 
of sperm whale myoglobin (J03566) and Physcomitrella patens hemoglobin (AY026342). 
Other gene sequences were retrieved using the accession numbers published earlier (7). 
The GeneBank accession number for ZEAmaGLB1a (Hbm1), ZEAmaGLB1b (Hbm2) 
and CHIinGLB2b (ChicHb2) is AF236080, DQ171946 and AJ277797, respectively.  
 
RESULTS 
Ligand binding to nsHbs.  Intramolecular hexacoordination and exogenous 
ligand binding is described by the following reaction (10): 
Hb H ←
→
k H
k − H
Hb P →
k ' L [ L ]
Hb L     scheme 1. 
Flash photolysis initiates the reaction by populating HbP.  The initial first-order reaction 
can cause multi-phase time courses and non-zero y-intercepts in plots of kobs versus 
ligand concentration (10). However, if k'L[L] >> kH and k-H, single-phase rebinding is 
observed because bimolecular ligand rebinding following the flash out-competes His 
binding.  This scenario is observed in time courses for CO rebinding to ChicHbs (data not 
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shown) and for O2 rebinding (1250 μM O2) to Hbm1, Hbm2, and riceHb2 following flash 
photolysis (Figure 2A).  Additionally, the y-intercepts of plots of kobs versus [L] are near 
zero (Figure 1A and 2B).  Under these conditions (k'L[L] >> kH and k-H) the slopes of the 
linear fit, in Figure 1A and 2B, are equal to k'L, and these values are reported in Table 2. 
 The rate constant for oxygen association to Hbm1 is similar to those of the two 
rice nsHbs, but that of Hbm2 is 5-fold larger, with a value of 210 µM-1s-1.  This value is 
larger than those reported for any other nsHb.  In fact, it is comparable to oxygen 
association rate constants for symbiotic leghemoglobins (38), and is indicative of a distal 
heme pocket that does not localize a water molecule above the ligand binding site (6, 31). 
The rate constant for oxygen association to ChicHb1 and ChicHb2 were estimated to be 
between 50 and 200 µM-1s-1. 
For ChicHbs, rapid mixing experiments were also employed to measure rate 
constant for hexacoordination. The ChicHb1 rate constant for bimolecular CO binding 
(Table 2, k'CO) as measured by flash photolysis, is high and is comparable to the 
bimolecular rate of Hbm2 (16). However, the rate for ChicHb2 (Table 2) is similar to the 
bimolecular rate constant for riceHb1 (10). Rapid mixing experiment has been described 
in detail elsewhere (16). In that experiment, the observed binding rate (kobs) at different 
[CO] (extracted by a single exponential fit) and used for the calculation of the 
hexacoordination rate constants. The plot of kobs vs [CO] (Figure 1B) provides k-H as the 
asymptote (Equation 1) (16). The fitted data to Equation 1 (with k-H fixed as the 
asymptote and k’co from flash photolysis) yield kH.  The equilibrium association rate 
constant for hexacoordination (kH/k-H) is reported in Table 2 for both ChicHbs and for 
other Hbs. 
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][
][
'
'
, COkkk
COkkk
COHH
COH
COobs ++= −
−
    Equation 1. 
 
FTIR spectroscopic investigation of nsHb ligand-bound structures.  The 
stretching frequency of heme-bound CO can be use to measure the electrostatic potential 
near the ligand binding site in heme proteins (26, 27, 31).  The amino acids lining the 
inside of the distal heme pocket principally govern the electrostatic potential near the 
bound ligand. It has been demonstrated that a positive electrostatic potential (like that 
resulting from an H-bond donor) gives rise to lower CO stretching frequencies (νco). 
Likewise, a negative potential results in a higher CO stretching frequency.  In the absence 
of high-resolution structures of ligand-bound nsHbs, CO FTIR has been a valuable tool to 
probing the heme pocket environment in the ligand-bound conformation (31, 38) 
The CO FTIR spectra of most Hbs display three absorbance bands that can be 
interpreted as different structural conformers.  The value of νco, which is calculated from 
the average of these bands, has been shown to correlate inversely with oxygen affinity 
(27).  Therefore, lower values of νco (like that for riceHb1 (1926 cm-1)), predict high 
oxygen affinity, and higher values correlate with lower oxygen affinity.   
In nsHbs, HisE7 (7th residue of the E helix, by analogy to myoglobin primary 
structure) is the amino acid whose side chain stabilizes the bound ligand through a 
hydrogen bond (29). Therefore, the HisE7 side chain has a large effect on CO FTIR 
spectra, and heme pocket structures (39). The position of this side chain can also have 
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profound influences on ligand affinity.  Figure 3 shows the FTIR spectra associated with 
the nsHbs studied. For riceHb1, riceHb2, Hbm1 and barleyHb, predominant peaks are 
observed at low frequency (1921, 1922, 1924 and 1923 cm-1, respectively).  The resulting 
low values of ν0 (Table 2) predict slower oxygen dissociation rate constants resulting 
from the capacity for H-bond stabilization of the bound ligand.  In contrast, for Hbm2 
and ChicHb2, two major peaks are observed at 1929 and 1962 cm-1 for Hbm2 and 1927 
and 1964 cm-1 for ChicHb2.  The resulting higher value of ν0 suggests that the 
electrostatic interaction with the HisE7 side chain is lessened compared to the others, 
predicting that oxygen dissociation should be increased (Table 2). The FTIR spectrum of 
ChicHb1 is very particular. A major peak is observed at 1953 cm-1, very similar to the one 
observed for Lba. However, two other peaks are present at high frequency (1969 and 
1982 cm-1).  
 
Oxygen dissociation from nsHbs.  A modification of the displacement method 
(40) was used to measure oxygen dissociation rate constants.  In these reactions, sodium 
dithionite was included in the CO syringe to scavenge free oxygen and provide a direct 
observation of the O2 dissociation time course that is not influence by O2 rebinding or 
protein oxidation (30). Time courses for O2 dissociation from Hbm1, Hbm2, riceHb1, 
riceHb2, ChicHb1 and ChicHb2 following mixing are shown in Figure 4, and the rate 
constants (kO2) calculated for each protein are listed in the Table 2.  
The oxygen dissociation rate constants are similar in each class 1 monocot nsHbs 
subclasses (GLB1a and GLB1b), with the Hb2 (GLB1b) from each species being ~ 3-fold 
faster than the Hb1 (GLB1a). In class 2 nsHbs, ChicHb1 has a dissociation rate constant 
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comparable to the Hb2 (GLB1b), however, the rate is about 25 fold slower than the 
ChicHb2 dissociation rate constant which is similar to the class 2 nsHb2 of Arabidopsis.  
As predicted from the CO-FTIR spectra, Hbm2, ChicHb1 and ChicHb2 display a fast 
dissociation rate constant.  From these association and dissociation rate constants, the 
equilibrium constants for binding to the pentacoordinate form of each Hb (lacking a 
contribution from hexacoordination) can be calculated as k’O2/kO2.  These values 
(KO2,pent) are reported in Table 2, and show variation within species and between class 1 
and class 2 nsHbs.  The overall oxygen affinity constants (taking into account the effects 
of hexacoordination) can be calculated using the following equation (30). 
 
K O 2 =
K O 2 ,pent
1+ K H
        Equation 2.  
  
When KH is taken into account, similar values of KO2 are observed for the class 1 maize 
Hbs and riceHbs (between 200 µM-1 and 400 µM-1) but much lower values are calculated 
for the class 2 chicory Hbs (between 0.5 µM-1 and 7 µM-1). 
 
The crystal structure of maize Hbm1.  Hbm1 crystallizes as a homotetramer 
containing 584 amino acids. For each subunit, the N-terminus (subunits A, B and C 1-11; 
D 1-12) and the CD loop are not represented because of poor electron density in these 
regions. Therefore, the subunits A, B, and C contain 146 amino acids and the subunit D 
contains 145. Goodman and Hargrove (41) have previously described the dimer interface 
in riceHb1. Similar monomer-monomer contacts are observed in Hbm1 to form a dimer 
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corresponding to that in riceHb1. The contacts are in the C-terminal end of the B-helix, 
the beginning of the C-helix, and the beginning of the G-helix. As in riceHb1 the closest 
contact (H-bond formation) is observed between the side chains of Ser49 in one subunit 
and Glu119 of another.  In the same region, the side chains of Phe123, Val120 and Ile46 form 
a hydrophobic pocket capping the Ser49-Glu119 H-bond.  
Additional contacts are involved in the formation of the Hbm1 tetramer. Those are 
found in the C-terminal end of the F-helix and the C-terminus. There is no H-bonding, 
but there is close proximity (< 4.3 Å) between Pro163A and Arg110D, Pro163B and Arg110C, 
Arg110A and Pro163D and Arg110B and Pro163C.  The Leu109 side chains of monomers A/D 
and B/C are also in close proximity. Overall, the dimer-dimer interaction (to form the 
tetramer) appears weaker than that associated with formation of each dimer, due to less 
buried surface area and fewer close contacts.  Furthermore, the tetramer is held together 
by two SO4 ions at each interface bound to the backbone of Asp164, and the side chains of 
Tyr111 and Arg110.  These data support the hypothesis that Hbm1 can dimerize in solution 
like riceHb1, but that the crystallographic tetramer is probably of little significance in 
solution (41, 42). 
 Recently, Saenz-Rivera et al. (25) have presented a model of the tertiary structure 
of Hbm1 using sequence-threading with the riceHb1 crystal structure as a template.  They 
presented a model of Hbm1 that is very similar to riceHb1 (rmsd between their Cα 
backbones is 0.08 Å), especially the positions of the two histidines coordinating the heme 
iron.  One conclusion was that, given their predicted similarity in structure, Hbm1 and 
riceHb1 should exhibit similar kinetic behavior, which is verified in the present study 
(Table 2).  The overall fold of the Hbm1 crystal structure is indeed similar to riceHb1 
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(Figure 5) and also to the threaded model, as demonstrated by the rmsd between their Cα 
backbones (0.7 Å). Therefore, the main differences between the two crystal structures 
might be found in side chain locations.  This is evident from the complete (all atoms) 
rmsd between riceHb1/Hbm1 model (0.46 Å),. Hbm1/Hbm1 model (1.25 Å) and 
riceHb1/Hbm1 (1.1 Å). From those numbers it is clear that Hbm1 differ from Hbm1 
model and riceHb1 by the position of the amino acids side chains. Some of these in the 
heme pocket could affect reaction kinetics and the environment around the bound ligand 
(Figure6, (39)).  
 
DISCUSSION 
Structure and ligand binding in plant nsHbs.  Ligand binding to hxHbs has 
been the subject of many studies in the past decade. Calculation of oxygen equilibrium 
constants for nsHbs has been difficult due to their relatively high affinities and 
complexities arising from hexacoordination.  However, values can be calculated by 
measuring each component of the binding reaction (scheme 1) using kinetic methods 
(16).  The results presented here for class 1 and class 2 nsHbs provide all of the kinetic 
rate constants required for comparison of oxygen affinity in nsHbs, and indicate that even 
though the individual constants comprise in Equation 2 may vary to a large degree, their 
unique combinations result in class1 monocot nsHbs and the class 2 nsHbs that have 
comparable equilibrium affinity values within their class.  In each case, equilibrium rate 
constants for oxygen binding to the pentacoordinate complex (KO2pent) are compensated 
by hexacoordination equilibrium constants to yield similar values within classes. 
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The FTIR spectra presented here for maize, rice, barley and chicory nsHbs 
demonstrate that vCO is a good predictor of the degree of stabilization of bound oxygen in 
nsHbs. The FTIR-CO spectra for rice nsHbs, maize Hbm1 and barleyHb show one major 
peak at low frequency (~ 1920 cm-1), indicating that the HisE7 side chain is present in 
only one conformation with the ability to stabilize the bound ligand.  Accordingly, these 
Hbs have relatively low values of kO2. The higher vCO value for Hbm2 and chioryHbs are 
distinct from the other nsHbs, and results from a large fraction of absorbance at high 
frequency (~1960 cm-1).  In this case, kO2 for Hbm2 is ~ 5 times faster than the class 1 
monocot nsHbs (table 2).  The vCO and kO2 values for Hbm2 are consistent with 
neuroglobin (30, 43), a human hxHb, suggesting a common relationship between distal 
pocket electrostatics and oxygen stabilization in greater superfamily of hxHbs.  However, 
this correlation is not held when comparing nsHbs to Lbs.  vCO for Lba is only 5 cm-1 
larger than Hbm2, 5 cm-1 smaller than ChicHb2 and 15 cm-1 smaller than ChicHb1, but 
has a value of kO2 2 to 10 times larger. As such, vCO might be predictive of the absolute 
value of kO2 within one group of Hbs (for example nsHbs or hxHbs), or within Lbs, but 
not across different groups.  The same situation was found when comparing Mb and Lbs, 
and was shown to result from different proximal pocket mechanisms for regulating ligand 
binding (31, 38, 44). This suggests that nsHbs and hxHbs probably use different proximal 
mechanisms to stabilize bound ligands than pentacoordinate Hbs like Mb and Lbs. 
A natural consequence of sequence-threading is a modeled structure that is very 
similar to the template.  As a result, predictions of novel functional behavior about Hbm1 
are constrained by the high degree of similarity between the modeled Hbm1 structure and 
riceHb1.  In this case, the structure of maize Hbm1 is in fact very similar to the model 
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calculated by Saenz-Rivera et al. (25).  However, there are subtle differences in the 
kinetics of oxygen binding and hexacoordination between Hbm1 and riceHb1.  These 
could not be predicted by either threading or structural analysis, but might be rationalized 
with subtle shifts in side chain location around the heme pocket (Figure 6) that are not 
evident in the threaded model, but are observed in the crystal structure.  An understanding 
of structure and function in this system would require further study of these proteins 
aided by the structure of Hbm1 presented here. 
 
Implications of ligand binding to potential functions of nsHbs.  The results 
presented here demonstrate that, regardless of the variation in hexacoordination and 
bimolecular ligand binding across nsHbs, the overall affinity for oxygen is similar within 
the different classes (Table2, Figure 7). The averaged oxygen association equilibrium 
constant for the Hbs reported in Table 2 are: 330 µM-1 for monocot class 1, 70 µM-1 for 
dicot class 1, between 1.2 µM-1 and 3.4 µM-1 for class 2 nsHbs and 25 µM-1 for class 2 
symbiotic Hbs.  The monocot class1 nsHbs display a greater affinity than those of other 
hxHbs, which are greatly diminished primarily by having much larger values of KH or 
faster oxygen dissociation rate constant (equation 2, (16, 45)).  The affinity of class 1 
nsHbs is even greater than those of Lbs, which have a known role in oxygen scavenging 
in root nodules (4, 6).  The preponderance of research also suggests that class 1 nsHbs 
probably bind oxygen as part of their physiological function.  For example, a conserved 
distal heme pocket amino acid (PheB10) appears to facilitate oxygen binding (39).  Site-
directed mutations in this position affect vCO, raising it to values similar to maize Hbm2.  
However, none of the PheB10 mutant proteins could form stable oxygen complexes due to 
  
136
 
rapid heme-iron autooxidation.  Therefore, Hbm2 is unusual in having a larger vCO, but 
still binds oxygen with high affinity.  This suggests that even when natural nsHb 
biochemistry is variable, the ability to bind oxygen is conserved. 
It is believed that Lbs are the direct evolutionary form of nsHbs that display 
greater oxygen dissociation rate constant for their function in the root nodule. From 
Figure 7, it appears that the class 2 nsHbs are the closest ancestor of Lbs. A good example 
is the ChicHb1 that contain a Tyr at the B10 position. This protein is the only example of 
nsHbs carrying such residue naturally, as other Lbs, and still binds oxygen. In addition, 
class 2 nsHbs display similar kinetic rate constant for oxygen (fast binding and fast 
dissociation) but the introduction of high equilibrium constant for hexacoordiantion 
decrease the affinity in this particular class. Therefore, from the variable oxygen affinities 
reported in the Table 2, it is clear that Hbs and nsHbs from the different classes and 
subclasses are different but Hbs within each class might have similar function in their 
respective environment. 
In light of kinetic and concentration issues ruling out the likelihood of a role for 
class 1 nsHbs in oxygen transport, this can be viewed as support for a role in NO 
scavenging via the NO dioxygenation reaction (46, 47).  This chemistry is common to 
oxyHbs, and has been demonstrated specifically for many pentacoordinate and 
hexacoordinate Hbs (48-50).  However, under hypoxic conditions when NO can be most 
damaging, the high oxygen affinity of nsHbs would be particularly suitable for 
scavenging oxygen specifically for the purpose of NO destruction.  At lower O2 
concentrations, class 1 nsHbs would still be partially saturated, but class 2 nsHbs, Lbs, 
Mbs, and human hxHbs would not.  However, this reaction results in ferric Hb, which 
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must be re-reduced for continued activity.  Therefore, this physiological function remains 
speculative until more details, including a mechanism for reduction, can be identified.   
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Table1: Data collection and refinement statistics 
 
 
Space group P212121 
Unit cell dimensions (Å) a=50.8 
b=89.7 
c=157.4 
α=β=γ=90o 
Resolution range (Å) 80-2.2 
Reflection used in refinement 35371 
Redundancy 6.67 
Completeness 99.6% 
Average I/σI 19.3 
Rmerge 0.05 
Refined residues 584 
Refined water molecules 584 
Rcryst (%) 20.3 
Rfree (%) 25.3 
Average B value 38.8 
Ramachandran statistics (%)  
   Most favored 485   92.6% 
   Additionally allowed 36   6.9% 
   Generously allowed 3   0.6% 
   Disallowed 0    0.0% 
RMS Deviations from ideal geometry  
   Bond lengths (Å) 0.026 
   Bond angles (Å) 1.779 
   Torsion angles (deg.) 4.640 
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Protein 
νCO (%) 
(cm-1) 
k’O2 
(µM-1s-1) 
 
kO2 
(s-1) 
KO2,pent 
(µM-1) 
KH 
 
KO2 
(µM-1) 
ref 
ORYsaGLB1a 
(riceHb1) 
1926 42 0.038 1105 1.9a 380 This 
study 
ORYsaGLB1b 
(riceHb2) 
1924 40 0.1 400 0.45a 275 This 
study 
ZEAmaGLB1a 
(Hbm1) 
1925 44 0.054 815 0.9a 430 This 
study 
ZEAmaGLB1b 
(Hbm2) 
1943 210 0.27 780 2.3a 235 This 
study 
HORvuGLB1 1928 50 0.03b 1666 2.8 439 (51) 
ARAthGLB1  74 0.12 616 5 102 (52) 
SOLlyGLB1  30 0.5 60 0.7 35 (19) 
PARanGLB1S  165 15 11  11 (53) 
GLYmaGLB1  48 0.15 320 1.4 133 (52) 
ARAthGLB2  150 2 75 50 1.5 (19) 
CHIinGLB2a 1963 50/200 0.11 455/1800 270 1.7/6.6 This 
study 
CHIinGLB2b 1953 50/200 2.7 18/75 35 0.5/2.1 This 
study 
GLYmaGLB2Sa 1948 130 5.6 23  23 (36) 
GLYmaGLB2Sc  124 3.6 35  35 (54) 
LUPluGLB2SI  540 20 27  27 (53) 
LUPluGLB2SII  320 25 13  13 (53) 
a from (16) 
b from (39) 
 
Table 2: comparison of the IR stretching frequencies and the O2 rate constants for 
plant hemoglobins. 
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Figure 1: CO binding to ChicHb1 and ChicHb2.  A) The [CO] dependence of the 
observed binding rate constant (kobs), as measured by flash photolysis, provides k'CO.  B) 
Rate constants for CO binding following rapid mixing plotted as a function of [CO]. The 
data are fitted to equation 2 to extract kH. 
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Figure 2: O2 binding for riceHb2, Hbm1 and Hbm2.  A) Time courses of O2 rebinding 
to riceHb2 (filled diamond), Hbm1 (empty square) and Hbm2 (empty circle) following 
flash photolysis at 1250 μM O2. B) The rate constants (kobs) extracted from flash 
photolysis, at each [O2] for each protein is plotted versus [O2]. The slope of the linear fit 
corresponds to the oxygen association rate constant, k’O2 (Table 2). The calculated values 
are 40, 44 and 210 μM-1s-1 for riceHb2, Hbm1 and Hbm2, respectively. 
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Figure 3: FTIR spectra of CO-bound Hbm1 and Hbm2 compared to riceHb1 and 
riceHb2. For riceHb1, riceHb2, Hbm1 and barleyHb a broad peak is predominant and 
consists of the A3 conformers at 1921, 1922, 1924 and 1923 cm-1, respectively. The 
Hbm2 and ChicHb2 spectra show two peaks corresponding to the A3 and A0 conformers 
(1929/1962 cm-1 and 1927/1964 cm-1 respectively). Three different conformers are 
observed in the ChicHb1 spectrum: the A3 conformer at 1953 cm-1, the A1,2 conformer at 
1969 cm-1 and the A0 conformer at 1982 cm-1)..The Hbm2 and ChicHbs spectra are 
shifted to higher frequencies due to the decrease of the electrostatic potential at the 
oxygen atom position of the bound CO. In addition, a peak corresponding to the 
conformers A0 (1962 cm-1) is observed but only to a much lesser extent for riceHb1, 
riceHb2, Hbm1 and barleyHb. 
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Figure 4: O2 dissociation for rice, maize and chicory Hbs. O2 dissociation time courses 
for riceHb1 and riceHb2 (A), for Hbm1 and Hbm2 (B) and for ChicHb1 and ChicHb2 
(C). A single exponential fit, of each time courses, gives us the O2 dissociation rate 
constant, kO2 (Table 2). 
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Figure 5: Crystal structure of Hbm1 compared to the crystal structure of riceHb1. 
Cross-eyed stereo overlay of the crystal structure of Hbm1 (color-coded for r.m.s.d) 
compared to the crystal structure of riceHb1 (1D8U PDB code, grey). The backbone 
ribbon diagrams include His73 and His108 that coordinate the heme iron. The alignment is 
based on the Cα atoms using the interactive magic fit function of Swiss PDB viewer. 
 
  
149
 
 
 
 
Figure 6: Heme pocket environment of Hbm1. Cross-eyed stereo view of an overlay of 
Hbm1 (blue), riceHb1 (1D8U PDB code, red) heme pocket. The E7, F8, B10 and CD1 
residues (in reference to Mb) are shown. The alignment is based on the Cα atoms using 
the interactive magic fit function of Swiss PDB viewer. 
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Figure 7: Phylogenetic tree of plant hemoglobins. Two major classes are shown, the 
class 1 and the class 2. Within each class two other classes can be distinguished. The 
class 1 is divided into: monocot nsHb class 1 and the dicot nsHbs class 1. The class 2 
regroups the symbiotic Hb and the class 2 nshb. 
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CHAPTER 6: NO DIOXYGENASE ACTIVITY IN HEMOGLOBINS IS 
UBIQUITOUS IN VITRO, BUT LIMITED BY REDUCTION IN VIVO 
Benoit J. Smagghe, James T. Trent, III and Mark S. Hargrove 
 
ABTRACT 
Genomics has produced hundreds of new globin sequences with examples in 
nearly every living organism. Structural and biochemical characterizations of many 
recombinant proteins reveal reactions, like oxygen binding and NO dioxygenation, that 
appear general to the hemoglobin superfamily without regard to whether they are related 
to physiological function. Yet in many cases facilitation of a reaction in vitro is taken as 
support for a function in vivo. One such scenario involves a group of hemoglobins 
common to plants and animals who share the unique feature of reversible bis-histidyl 
coordination of the heme iron. Despite considerable attention to these "hexacoordinate" 
hemoglobins, no clear physiological role(s) has been assigned to them in any species. 
One popular and relevant hypothesis for their function is NO dioxygenation. Here we 
have tested a comprehensive representation of hexacoordinate hemoglobins from plants 
(rice hemoglobin), animals (neuroglobin and cytoglobin), and bacteria (Synechocystis 
hemoglobin) for their abilities to scavenge NO compared to myoglobin. Based on in vitro 
comparisons of NO dioxygenation, ferric NO binding, NO-induced reduction, and NO 
scavenging with an efficient reduction system, we conclude that there is no characteristic 
that distinguishes hexacoordinate hemoglobins from myoglobin that could support their 
predisposal toward a role in NO scavenging. However, when comparing their ability to 
substitute for flavoHb (a known NO scavenger) in E. coli, Synechocystis hemoglobin is 
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the only one to confer protection from NO in vivo while the other hexacoordinate 
hemoglobins and myoglobin fail in this function. 
 
INTRODUCTION 
Hemoglobins (Hbs) became a focus of study early in the history of biochemistry, 
due to their color and ready availability in red blood cells and muscle. An unambiguous 
role facilitating respiration through oxygen transport made red blood cell Hb the first 
protein whose physiological function was understood (1). A clear physiological role in 
combination with amenability for structural analysis has made oxygen transport Hbs ideal 
models for those seeking to learn the biophysical details relating protein structure and 
function (2, 3). Recent years however, have seen new discoveries of Hbs that challenge 
many paradigms in this field, including that of their predominant function as oxygen 
transporters.  Nevertheless, the ability to conduct high-resolution analysis of structure and 
biochemistry with recombinant proteins has produced dozens of structures and hundreds 
of articles focused on Hbs without known physiological functions.  Unfortunately, 
interpretations of these studies are deprived of some significance by the inability to relate 
structure to function to the same degree as with red blood cell Hb, where function was 
established early on.   
Genomics studies have generated hundreds of new globin sequences and revealed 
this family of proteins as being nearly ubiquitous among living organisms (4-6). 
Hexacoordinate Hbs (hxHbs), are a structurally unique subset of the Hb superfamily that 
display reversible coordination of the heme iron ligand-binding site by an intramolecular 
histidine side chain (7-10). Prominent members of this group include neuroglobin and 
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cytoglobin from humans and other animals (5, 7, 8, 11-13), the nonsymbiotic plant Hbs 
(nsHbs) found in all plants (10), and the cyanobacterial protein cyanoglobin (14, 15).  
The diverse and prevalent distribution of hxHbs among organisms is often coupled with 
their high cross-species sequence identity, suggesting proteins with critical physiological 
roles.  As such, interest in hxHbs stems from evidence that they might provide a common 
mechanism for protecting cells against hypoxia and oxidative chemistry in plants and 
animals.  Although numerous publications describe the considerable structural and 
biophysical effort directed at these proteins (7-9, 15-21), a solid assignment of their 
physiological role(s) remains elusive (4, 10, 22). 
While many enzymes are renowned for exhibiting exquisite efficiency and 
specificity in the conduct of their relevant reactions, the innate chemistry of the heme 
prosthetic group is more “promiscuous” in nature, conferring Hbs with several 
reactivities of potential in vivo significance.  These vary from reversible binding of 
diatomic ligands (including O2, CO, NO, and many anions) (2, 23), to peroxidase activity 
(24, 25), thiol transfer of NO ("SNO" reactions) (26), and redox reactions (10). An in 
vitro demonstration involving these reactions and a novel globin yields data of little use if 
collected without rigorous controls providing a context for analysis. Nonetheless, many 
studies have served to focus significant attention on putative functions involving nitric 
oxide (NO) binding and/or scavenging (27-31). Current data in this area derive from 
chemical and biochemical methods, and include the measurement of NO reactions with 
hxHbs in the oxy (30, 32, 33), ferric and ferrous protein forms (34, 35), as well as 
characterization of peroxynitrite reactions with some ferrous-NO hxHb (35, 36).  
Although some of these data were collected with a comparative control Hb (like Mb) 
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(37), several of these studies neglected to include essential control components during 
experimental design (32, 33, 38). 
The most familiar reaction used by Hbs to scavenge NO is the "NO dioxygenase" 
reaction displayed by bacterial and yeast flavohemoglobins (flavoHbs) (37, 39) (Figure 
1). In this reaction, the ferrous oxy-flavoHb rapidly reacts with NO to form ferric 
flavoHb and nitrate. Following oxidation, the Hb must be reduced to start the reaction 
over. For flavoHbs, rapid reduction is achieved through a flavin-containing reductase 
domain (40-42). No hxHbs have yet been assigned a cognate reductase suitable for rapid 
reduction (on flavoHb time scales), so reduction mechanisms are still unknown. Thus an 
important question to ask for hxHbs is whether reduction is truly the rate-limiting step for 
catalytic NO scavenging. Ferric Hbs can also bind NO, and bound NO can potentially 
reduce the Hb (Figure 1) (35, 43). Thus, ferric NO reactions and NO-reduction must be 
evaluated for hxHbs as well.  
The purpose of the research reported here is to systematically compare NO 
reactions with a representative set of hxHbs to Mb with the underlying goal of testing 
whether these reactions distinguish any of the hxHbs in their ability to bind or destroy 
NO. The importance of this comparison centers on the premise that if we are justified in 
using in vitro reactions to assign NO binding functions in hxHbs, we should expect some 
characteristic to distinguish a hxHb from Mb, whose function is not primarily NO 
scavenging. 
Here we compare NO dioxygenation (NOD), ferric NO binding, and NO 
scavenging in vitro and in flavoHb knockout E. coli cells by human neuroglobin (Ngb) 
and cytoglobin (Cgb), rice nsHb (riceHb1), Synechocystis hemoglobin (cyanoglobin, 
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SynHb), and horse Mb. Our results demonstrate that all of these oxyHbs can rapidly 
destroy NO, all scavenge NO in vitro at a rate equal to re-reduction of the ferric Hb, all 
bind NO in the ferric form, all but SynHb are slowly reduced by NO, and only the 
bacterial hxHb can replace flavoHb function in vivo. 
 
MATERILAS AND METHODS 
Protein production and purification. All hemoglobins were expressed and 
purified as described previously (18). Horse heart myoglobin was commercially obtained 
(Sigma). The ferredoxin-NADP reductase gene (GenBank accession number AAC76906) 
was amplified by PCR from Escherichia Coli. The oligonucleotide sequences were: 
5’CCTGGTGCCGCGCGGCAGCCATATGGCTGATTGGGTAACAGGCAAAG–3’ and 
5’-TTGTCGACGGAGCTCGAATTCTTACCAGTAATGCTCCGCTGTC-3’. 
Amplification was done by 35 cycles of 30s at 95°C, 30s at 55°C and 1 min at 72°C. The 
resulting fragment was then cloned in the pET28a plasmid (Novagen) between the NdeI 
and EcoRI restriction sites The His-Tagged protein was then expressed and purified as 
described earlier (18). 
 
UV/VIS spectroscopy. The NO-ferric spectra were recorded by mixing a 
deoxygenated ferric Hb solution (5 μM) with a 2 mM NO solution (1 mM final). The 
NO-ferrous spectra were recorded by addition of a 2 mM NO solution (1mM final) to a 
sodium dithionite reduced protein solution. The cuvette was previously sparged with N2. 
To follow the NO-induced reduction of the protein, spectra were collected over a period 
of 5h after mixing the ferric protein with NO (1 mM final). 
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First attempts to measure ferric NO binding displayed non-saturated spectrum at 
low NO concentrations. Therefore, NO binding was measured by equilibrium titration of 
5 µM Hb with NO solutions (7 μM to 2 mM) in 0.1 M potassium phosphate pH 7.0. The 
dissociation equilibrium constants (KDNO, Fe3+) for each protein (Table 1) were extracted 
using the following equation where FB is the fraction of NO-bound protein: 
 
FB = [ NO]K DNO ,Fe 3+ +[ NO]
      Equation 1 
 
The saturated NO solution (2 mM) was prepared as described previously (44), and all 
spectra were recorded using a Varian Cary 50 spectrophotometer. 
 
NO dioxygenation and scavenging in vitro. A multi-port measurement chamber 
(World Precision Instruments, WPI. Sarasota, Fl) was used to analyze the stoichiometric 
reaction between oxyferrous hxHb and NO. The chamber contained 0.1 M potassium 
phosphate pH 7.0 and was equilibrated with N2. The low oxygen concentration was 
measured using an oxygen electrode (ISO-OXY-2, WPI). At 0% oxygen, the chamber 
was closed leaving a small dead space (0.5 cm) at the surface of the solution flushed with 
N2. Then 20 μM NO was added and the signal was followed using a NO electrode (ISO-
NOP, WPI). When it reached a maximum, 20 μM oxyferrous Hb (final concentration) 
was added to the solution and the decay of the NO signal was recorded. 
Rapid mixing experiments measuring NOD rate constants have been described 
earlier (45) and were conducted with a BioLogic SFM 400 stopped-flow reactor coupled 
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to a MOS 250 spectrophotometer. Ferric protein was reduced using a system adapted 
from an earlier study (46) in an Eppendorf sparged with N2. After 10 min, each ferrous 
protein sample was added to a gas tight syringe containing 0.1 M potassium phosphate 
pH 7.0 (262 μM O2). The oxygen bound protein (1 to 5 μM, after mixing) was confirmed 
by recording the oxy-ferrous spectrum. The NO solutions were generated by mixing a 
saturated NO solution (2 mM) with a N2 equilibrated potassium phosphate buffer (0.1 M, 
pH 7.0) in gas tight syringes. Anaerobic condition in NO syringes was maintain as 
described earlier (32). Kinetic time courses were collected at different NO concentrations 
(5 to 500 μM) by recording the change in absorbance at a fixed wavelength (413 for Mb, 
422 for Ngb/Cgb and 420 for riceHb1). Between five and eight kinetic traces were 
collected and averaged for each time course. 
 
Ferric NO binding. Rapid mixing experiments measuring NO binding to the 
ferric protein were conducted with a BioLogic SFM 400 stopped-flow reactor coupled to 
a MOS 250 spectrophotometer. Two syringes were used: one containing the protein 
solution (Fe3+, ~ 5 μM after mixing) and the other containing a NO solution. Anaerobic 
condition in NO syringes was maintain as described earlier (32). Kinetics time courses 
were collected at different NO concentrations by recording the change in absorbance at a 
fixed wavelength (usually soret peak). At least three kinetic traces were collected and 
averaged. The minimal NO concentration was at least 2 times higher than the calculated 
KDNO, Fe3+ (Table 1). 
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Enzymatic reduction of hxHbs. The reduction system used in the present study 
has been adapted from one described in detail previously (46). First a 1 ml cuvette was 
flushed for 1 min with 1 atm CO.  Then 0.1 M potassium phosphate pH 7.0 equilibrated 
with 1 atm CO was added through a rubber stopper. After addition of 60 µM NADP+ 
(Sigma, St. Louis, MO), 0.7 U/ml glucose-6-phosphate (G6P) dehydrogenase (Roche, 
Pleasanton, CA), 1 µM ferredoxin-NADP reductase (E. Coli) and 5 µM Hb, 3mM G6P 
was added to start the reduction reaction. Absorbance spectra were collected over a 
period of 30 min. The difference in absorbance between ferric and CO-bound protein was 
plotted versus time to calculate the initial velocity of the reaction. 
 
Catalytic NO consumption experiments. The multi-port measurement chamber 
(WPI) containing 0.1 M potassium phosphate pH 7.0 and 3mM G6P, was first 
equilibrated with a mixture N2/O2 to reach an O2 concentration of 4%, as measured with 
an oxygen electrode (ISO-OXY-2, WPI). At 4% O2, the chamber was closed leaving a 
small dead space (0.5 cm) at the surface of the solution. Then, 10 μM Hb, 60 µM NADP+ 
(Sigma, St. Louis, MO), 0.7 U/ml glucose-6-phosphate (G6P) dehydrogenase (Roche, 
Pleasanton, CA), and 1 µM ferredoxin-NADP reductase (E. Coli) was added to the 
solution to make the ferrous-oxy complex. After 10 min, 40 μM NO was added to the 
solution and its removal was measured using the NO electrode (ISO-NOP, WPI). The NO 
consumption rate (Table 1) was calculated from the initial velocity just after NO addition. 
 
NO scavenging in flavoHb knockout E. coli. E.coli strains AB1157 (39) and 
AG1000 ((AB1157Φ (hmp-lacZ)262; Cmr)) were generously provided by Dr Paul 
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Gardner (Cincinnati Children's Hospital Medical Center). All Hbs were cloned into the 
pANX plasmid between the NdeI and HindIII restriction site except sperm whale 
myoglobin, which was cloned between the NdeI and BamHI restriction sites. The pANX 
plasmid is derived from pUC19 and contains the promoter region of the hmp gene of E. 
Coli (47). The expression of a gene cloned next to it (via NdeI), will be driven by that 
promoter and should be comparable to the natural hmp gene expression. The generated 
plasmids were transformed into the hmp deficient strain AG1000. As a control, “virgin” 
pANX and pANX-hmp (provided by Dr Paul Gardner) were also transformed into 
AG1000. 
A test tube containing 5 ml LB medium was inoculated with 1% of an overnight 
culture grown aerobically. No selection was used for the AB1157 strain. For the AG1000 
strain, 27 g/ml chloramphenicol was added to the medium, and for AG1000 containing 
the different plasmids, 50 μg/ml carbanecilline was also added. After inoculation of the 
test tubes (~ 0.02 OD600), 3 mM GSNO was added and the cultures were grown 
aerobically at 37°C with constant agitation. After 14h the OD600 was measured. As 
control one tube was inoculated without GSNO and after 14h the cells were used for the 
measurement of NO consumption. The results shown in Figure 6 are an average of the 
duplication of three independent experiments. GSNO was generated by mixing a 
stoichiometric amount of reduced gluthathione and acidified sodium nitrite for 10 min in 
the dark (48). Then the pH was adjusted to 7.4 with 4N sodium hydroxide. The 
concentration of GSNO was determined using ε334 = 767 M-1cm-1 (49). 
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NO consumption in vivo. The multi-port measurement chamber (WPI) 
containing air equilibrated 0.1 M phosphate pH 7.0 was used for the aerobic NO 
consumption, at room temperature, of the different E. coli strains generated. NO (2 µM) 
was added to the chamber, and when the signal reached a maximum (as measured with 
the NO electrode (ISO-NOP, WPI)) the cells were added (1 x 107 cells/ml) from an 
overnight culture. For synHb, cells treated overnight with 3 mM GSNO were also used. 
The rate of consumption was calculated from the consumption of 1 µM (or half signal) 
NO. All rates were corrected for the rate of consumption by the strain transformed with 
pANX alone. 
 
Hemoglobin expression levels in vivo.  Saturated cultures, inoculated from an 
overnight culture, were used to determine the expression level of the different 
hemoglobins tested. For synHb, cells treated overnight with 3 mM GSNO were also used. 
Cells were harvested by centrifugation at 6000 rpm for 6 min. The cell pellet was then 
resuspended in 0.1 M potassium phosphate pH 7.0 and sonicated (3 x 30s with ~ 5 min 
interval). After centrifugation to remove the cell debris (20000 rpm for 30 min), the 
supernatant (50 mg/ml total protein) was used to record CO + sodium dithionite – 
reduced sodium dithionite difference spectra. The difference spectrum of each protein 
was corrected by the difference spectrum measure with the supernatant of the strain 
transformed with pANX alone. 
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RESULTS 
NO dioxygenation and non catalytic NO consumption. The rate constant for 
NOD by Mb has been reported previously (45). It is a very rapid (nearly diffusion 
limited), bi-molecular reaction between NO and the oxy-Hb complex. While 
peroxynitrite is considered to be an intermediate in this reaction (Figure 1) (50), its 
dissociation rate is not limited in Mb over the range of NO concentrations amenable to 
stopped flow kinetics (45). All of the oxy-hxHbs react with NO, and NOD by Ngb and a 
plant nsHb has been reported previously (32, 38, 51). In the case of mouse Ngb, the 
reaction displayed similar kinetics at the two [NO] tested (37). The interpretation of this 
observation was that dissociation of peroxynitrite is rate limiting. Each hxHb investigated 
here, over a range of NO concentrations, showed saturating kinetics as [NO] increased, 
but the limiting observed rate constant varies between proteins (Figure 2A). Ngb and Cgb 
are similar (kobs, NOD = 360 and 430 s-1, respectively), but riceHb1 is slower (kobs, NOD = 90 
s-1) (Table 1). Unfortunately, we were not able to calculate the rate constant for SynHb as 
the change in absorbance was very small, resulting in very noisy time courses. 
As subsequent experiments used an NO electrode to follow catalytic NO 
consumption, it was useful to test NOD while monitoring [NO] directly to establish the 
response of the electrode in the context of the NO scavenging reactions measured above 
(Figure 2B). In these experiments, 20 µM NO was added to the chamber followed by 20 
µM oxyHb. The time courses in Figure 2B show NO removal from the solution, 
presumably due to the NOD reaction. The time courses were nearly identical for each 
hxHb and Mb, and the majority of NO was removed from the solution in just a few 
minutes. 
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Ferric NO binding and NO-induced reduction. Human Ngb is the only ferric 
hxHb for which reactions with NO have been published (35). Binding is reportedly very 
slow, and results in ferrous NO-Ngb. Figure 3 shows the [NO] dependence of the 
observed rate constant following mixing with each ferric hxHb and Mb. Mb binds in a 
bimolecular fashion, with an observed rate constant equal to 70 mM-1 s-1. In the case of 
each hxHb, time courses for binding also display a linear dependence on [NO], but the 
bimolecular rate constants are much smaller (kobs,NO(Fe3+), Table 1). 
NO reduction of ferric Hbs has been reported extensively for Mb (43, 52), and as 
described above for Ngb (35). Following the NO binding reactions in Figure 3 
(particularly those at higher [NO]), relatively slow reduction of some of the ferric Hbs by 
NO was observed (Figure 4A-E). The degree to which this reaction can regenerate 
ferrous Hb was gauged by calculating the fraction of Hb(2+)-NO present after 30 min 
(Figure 4F). Only Mb, Ngb, and Cgb showed significant reduction over this time period. 
Time courses for this reaction yielded rate constants (kred,NO) of 0.03, 0.12 and 0.05 min-1 
for Mb, Ngb and Cgb, respectively (Table 1). For riceHb1, the rate constant was 
estimated to be 0.006 min-1 (after 5h). Ferric SynHb showed no significant reduction by 
NO. 
 
Catalytic NO scavenging. We have demonstrated that each oxy-hxHb has the 
ability to carry out the NOD reaction with varying degrees of efficiency (Figure 2 and 
Table 1). However, to scavenge NO catalytically, re-reduction of the resulting ferric heme 
iron must occur (Figure 1). To achieve reduction in vitro, we have chosen a ferredoxin-
NADP reductase (FdR) from E. coli that reacts with similar effectiveness with each 
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protein under investigation (Figure 5A and 5B). The effect of substrate (Hb) on reduction 
velocity is shown in Figure 5C. These plots show enough curvature to allow calculation 
of kcat and KM for each protein (Table 1). These values are similar for each Hb, with none 
deviating by more that 2-fold from the others. 
Figure 5D demonstrates catalytic NO scavenging in the FdR/Hb system described 
above. With no Hb present, NO is degraded to 20 µM in ~ 5 minutes, and the NO signal 
reaches the initial baseline value over a period of about 30 minutes. The presence of 10 
µM oxy-Hbs accelerates NO removal in a bimodal manner. First, 25% of the signal (10 
µM of the NO) is lost rapidly due to stoichiometric NOD. The remaining signal decays 
linearly back to the background level more rapidly than in the absence of Hb. This rate of 
NO destruction is attributed to NOD following ferric Hb re-reduction and oxygen 
binding. In fact, the velocities of NO consumption are nearly identical to the reduction 
velocities under these experimental conditions (last two columns, Table 1). Therefore, the 
ability of each hxHb and Mb to catalytically scavenge NO is directly related to the rate of 
re-reduction of the heme iron following NOD. 
 
Protection of E. coli against NO. To confirm the expression driven by the pANX 
plasmid of the different Hbs, the CO difference spectrum of each strain was recorded 
(53). The CO-difference spectra of the extracted supernatants show a peak between 414 
and 422 nm and a trough between 426 and 439 nm (data not shown). The level of 
expression was correlated to the maximum absorbance of the peak and the results are 
shown in Figure 6A and Table 2. From the bar graph it is clear that the level of expression 
of the Hbs is different, with Ngb being poorly expressed and Mb/SynHb being expressed 
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at the highest concentrations.  Compare to flavoHb, RiceHb1 and Cgb are expressed 2 to 
4 times less, and Mb and SynHb almost 3 times more.  
The ability of these cells to consume NO from solution was also measured. Figure 
6B shows rates of NO consumption by the different strains (54). Rates of consumption by 
the hxHbs are at least 5 times slower than flavoHb, even for Mb and SynHb, which are 
highly expressed. (Table 2).  
The only Hbs that are known to be NO scavengers are the bacterial and yeast 
flavoHbs (39, 55-58), and the E. coli hmp (flavoHb) null mutant presents a clear NO-
sensitive phenotype (39). The experiments in Figure 6C were designed to test the ability 
of Mb and hxHbs to substitute for flavoHb in hmp knockout cells. The data analyzed are 
OD600 values for uniformly-grown E. coli cultures after 14 hours (59). As expected, the 
wild type strain (AB1157) and the deficient strain (AG1000) expressing flavoHb are able 
to protect cells against NO introduced as GSNO (the AG1000 strain alone, or carrying the 
empty pANX plasmid is sensitive to NO). However, no protection was observed with the 
AG1000 strains expressing Mb or other hxHbs except the one expressing SynHb. In the 
case of SynHb, cell growth was indistinguishable from AG1000 expressing flavoHb. 
To compare the protection efficiency of SynHb to flavoHb in more detail, we 
measure the growth of different strains treated or not with 3 mM GSNO. As shown in 
Figure 6D, in absence of GSNO, no significant difference was noticed in the growth of 
AG1000 transformed with pANX or expressing flavoHb and SynHb. When treated with 
GSNO the growth AG1000 expressing flavoHb is slightly slower and when expressing 
SynHb the growth is significantly retarded (~ 4h). In absence of any flavoHb (pANX) or 
other Hbs (data not shown) no growth was observed. 
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The capacity of SynHb to protect the cells against NO was investigated by looking 
at the level of protein expression and NO consumption after treatment with 3 mM GSNO. 
The expression of SynHb in presence of NO did not significantly change compare to the 
non-treated cells (Figure 6A last bar). However, the treated cells show a consumption rate 
5 times faster than the non-treated cells (Figure 6B, last bar). 
 
DISCUSSION 
Ferric hxHbs do not efficiently catalyze NO destruction. It has been proposed 
that hxHbs might destroy NO through a mechanism that includes binding to the ferric 
heme iron (35). In the absence of specific reduction mechanisms, this route is compelling 
due to the potential for NO to reduce the heme, which could then bind oxygen and go 
through one cycle of NO-dioxygenase activity to reform the starting ferric Hb complex. 
One complete cycle would scavenge two molecules of NO using two different chemical 
mechanisms. The results presented in Figures 3 and 4 and Table 1 do not support this 
hypothesis for any of the hxHbs investigated here. There are at least two kinetic hurdles 
for this mechanism; both ferric NO binding and NO-induced reduction must be fast. We 
have demonstrated that binding of NO to ferric hxHbs is significantly slower than to Mb. 
This is probably due to intramolecular His binding to the ligand binding site, which is 
enhanced in the ferric oxidation state (60). The linear dependence of the reaction with 
[NO] combined with small observed second-order rate constants (kobsNO, Fe3+ in Table 1) is 
indicative of the situation where the bimolecular association rate constant for binding to 
the pentacoordinate complex is much slower than the rate constants for His binding and 
dissociation (18, 61). The combination of small values of kobsNO, Fe3+ and low [NO] in vivo 
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would result in very slow NO association relative to flavoHbs under the same conditions 
(62). 
An additional factor diminishing the likelihood of the ferric NO-binding 
mechanism is the slow rate of reduction of the Hb(3+)-NO complex.  Although this 
reaction clearly varied between the hxHbs tested, none exhibited rates capable of rapid 
NO destruction even when [NO] is suitable to saturate the ferric complexes. The fastest 
reduction was observed in Ngb, where a reaction half-life of ~ 6 minutes requires ~ 1 mM 
NO to achieve. This does not support NO reduction of ferric hxHbs as a plausible 
mechanism for NO scavenging in vivo. However, it could be sufficient to generate ferrous 
NO-Ngb for scavenging of peroxynitrite, preventing its deleterious reaction with CO2, 
(35). 
 
HxHbs as NO dioxygenases. In this comparative study of Hb NOD, we find no 
indication that hxHbs would be more efficient in this function than Mb.  Instead we 
observe a limiting reaction in hxHbs, which is probably peroxynitrite dissociation (32) 
(Figure 2). Hence, Mb would perform better in a NO scavenging role utilizing this 
reaction mechanism.  However, we have also demonstrated that the limiting factor in NO 
scavenging for all Hbs examined is the re-reduction following NOD (Figure 5D, Table 1).  
Studies showing that monohydroascorbate reductase increases the NOD activity of barley 
nsHb (63), and that the isolated Hb domain from E. coli flavoHb is not sufficient to 
protect cells during NO challenge (53), are in agreement with our results. Thus 
assignment of NO dioxygenase as physiological function requires the design of 
experiments that address reduction mechanisms. 
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The E. coli flavoHb reductase domain, and the cognate reductase identified for 
Vitreoscilla Hb, satisfy this requirement in work attributing physiological relevance to 
their NOD activity (40, 64). Aside from these proteins, investigations targeting novel Hb 
potential roles have failed to couple this crucial reduction step with mechanisms of in 
vivo relevance during NOD activity experiments.  A prominent example is the report in 
Nature ascribing NOD function to Ascaris Hb, where a plausible in vivo reduction 
mechanism has yet to be characterized (33). This claim was based solely on in vitro 
observations of NO dioxygenase and O2 consumption activities.  Reduction was 
accomplished by using NADPH at pH 6.0, where it is known to reduce several Hbs 
nonspecifically (65). Together with our results this indicates that, as a general 
phenomenon, in vitro scavenging of NO and O2 by Hbs in the presence of a reduction 
system may have little bearing on physiological function.  Alternative experimental 
approaches are required to assess functional relevance of this activity in Hbs. 
This study presents one such approach, with results demonstrating that SynHb can 
substitute for flavoHb in E. coli during NO challenge suggesting that NOD by this 
protein is of physiological relevance with respect to NO scavenging in cyanobacteria.  It 
is critical to note that our results should not be interpreted as evidence that SynHb is the 
only NO scavenger among the hxHbs investigated.  Our results indicate that Mb and 
hxHbs are not efficient NO dioxygenases (Figure 6B).  The expression level of the 
different proteins in the AG1000 strain could explain the lack of activity, especially for 
Ngb. However, even with higher concentration, the NO consumption by Mb and SynHb 
stays low (Figure 6A and B). The low activity is therefore not related to the level of 
expression, but to the lack of an efficient reduction system for Mb, riceHb1 and human 
  
168
 
hxHbs in E. coli (Figure 6A and B). Prior exposure to GSNO, SynHb is even less efficient 
than other Hbs at consuming NO. On the other hand, after exposure, the efficiency of 
SynHb as an NO dioxygenase is significantly improved. Similar level of expression after 
treatment indicates that NO induces expression of a reduction system that is more active 
with SynHb than the other hxHbs or Mb (Figure 6A and B, last bar). Other hxHbs do not 
appear to be efficient NOD in the heterologous system used, but it is entirely possible that 
they function as such in their native environments with the condition that corresponding 
reduction systems exist. 
The importance of experimental design emphasized here clearly extends beyond 
work with Hbs, and is particularly appropriate where experiments with recombinant 
proteins are designed to lend insight into physiological function. Failure to incorporate 
functional control experiments greatly diminishes the credibility of any conclusions 
drawn about potential physiological roles.  This situation is currently very common as a 
result of new genes identified by genomic studies.  The significance of the problem is 
particularly acute as inaccurate functional assignments lead to poor functional annotation 
in genomic databases 
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Table 1: Kinetic and affinity values for in vitro reactions with NO and heme iron 
reduction. 
 
* : value after overnight treatment with 3 mM GSNO 
Table 2: In vivo expression and NO consumption 
 kobs, NOD KDNO 
(Fe3+) 
μM 
 
kobs,NO 
(Fe3+) 
mM-1s-1 
kred,NO 
min-1 
kcat 
vs 
FdR 
min-1 
Km 
μM 
Observed 
Hb 
reduction 
µM/min-1 
 
Observed 
NO 
consumption 
μM/min-1 
 
Mb   34 (μM-
1s-1) 
262  70 0.03 5 17 2 3.2 
RiceHb1   90* (s-1)   42    3.5 0.0006 5 20 1.6 2.9 
Ngb 360* (s-1)   75    2 0.12 6 17 1.9 2.7 
Cgb 430* (s-1)   17  13 0.05 9 21 2.7 5.3 
SynHb na 370    0.073 ~ 0 5 12 2.4 2.2 
 Averaged maximum absorbance 
(CO difference spectrum peak) 
Averaged observed NO consumption 
(μM/min/107cells) 
 
Hmp 0.12 0.98 
Mb 0.33 0.23 
RiceHb1 0.07 0.23 
Ngb  0.005  0.055 
Cgb 0.03 0.07 
SynHb 0.33/0.28* 0.11/0.58* 
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Figure 1.  NO reactions with hemoglobins. 
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Figure 2.  NO dioxygenation and stoichiometric NO consumption. A. Plots of kobs,NOD 
vs [NO] for the NOD reaction following rapid mixing. B. An NO electrode was used to 
measure consumption of 20 μM NO by 20 μM oxyHb. With the buffer alone, slow 
consumption was observed. In presence of each oxyHb, NO consumption was greatly 
accelerated as expected for NOD based of the results from A. 
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Figure 3.  NO binding to ferric Mb and hxHbs. Plots of kobs versus [NO] for Mb and 
each hxHb. Time courses giving rise to these values were measured at different [NO] 
ranging from 50 to 1700 µM (after mixing) and were fitted to a single exponential to 
extract the observed rate constants (kobs). The linear fit to these data provides the 
observed ferric NO binding association rate constant (kobs, NO(Fe3+)). 
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Figure 4.  Absorbance spectra associated with NO-induced reduction.  Each panel of 
absorbance spectra (A-E) show the Hb(3+) (thick solid line), Hb(3+)-NO (dotted line), 
Hb(2+)-NO (thin dotted line), and the spectrum of the sample 30 minutes after mixing 
NO with ferric protein (dashed line).  F.  Percentage of Hb(2+)-NO after 30 min of 
reduction.
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Figure 5.  Enzymatic reduction by ferredoxin-NADP reductase and catalytic NO 
consumption. A. Absorption spectra associated with the reduction of Ngb (10 μM) by 
1μM ferredoxin-NADP reductase in the presence of CO (1 mM). B. Change in 
absorbance at the soret peak (CO-bound) associated with the reduction is plotted vs time 
for each Hb.  The data are normalized to the absorbance change expected for complete 
reduction of the Hb in question. C. Enzymatic reduction of Mb and hxHbs by ferredoxin-
NADP reductase. V/[ET] calculated at different Hb concentration is plotted vs [Hb]. The 
fit to the Michaelis-Menten equation gives Km and Vmax for reduction of each protein. 
D. Consumption of 40 μM NO by 10 μM oxyHb as measured by an NO electrode, in the 
presence of ferredoxin-NADP reductase (1 μM). For each protein, after addition of NO, 
the signal drops by ~10 μM corresponding to stoichiometric NOD. [NO] then decreases 
linearly indicating catalytic NO destruction. Rates of consumption were calculated from 
the linear phase of catalytic NO removal. 
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Figure 6. Protection of the E. coli hmp mutant from NO by Mb and hxHbs. A. 
Hemoglobin expression levels driven by the hmp promoter. The values reported are the 
maximum absorbance of the CO-difference spectra peak. Data are an average of at least 
two independent growths. B. NO consumption by different E. coli strains. Compared to 
flavoHb, the consumption by other Hbs is significantly slower. Data are an average of 
two replications of six independent experiments. C. The growth (OD600) of wild type 
(AB1157) and the hmp mutant (AB1000) E coli strains carrying Mb and hxHbs under 
control of the flavoHb promoter were measured after 14h in the absence and presence of 
3 mM GSNO. Only flavoHb (hmp) and SynHb are able to rescue the phenotype observed 
for the wild type strain. The data are an average of three independent experiments. D. 
Growth curve of AG1000 strain transform with pANX and expressing flavoHb and 
SynHb. In absence of GSNO, no differences are observed between the strains. In presence 
of GSNO, the strain transformed with pANX does not show any growth. With flavoHb, 
the growth is similar to the one without GSNO. In presence of SynHb, the growth is 
significantly retarded. 
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CHAPTER 7: GENERAL CONCLUSIONS 
 
The new group of hemoglobin, called hexacoordinate hemoglobins, has been 
discovered very recently.  Their classification is a consequence of the conserved and 
uncommon coordination of the heme iron by an amino acid side chain in both oxidation 
states.  First observed in plants, hxHbs are now believed to be ubiquitous among them.  
In fact, the presence of hxHbs in vertebrate and bacteria make these universal proteins 
within all living organisms.  Despite a number of studies hxHbs physiological function 
and the mechanism of their activity is not know with certitude. However, their ubiquitous 
expression indicates an important and common function.  Endogenous reversible 
hexacoordination in these proteins raises questions about its role and mechanism for 
ligand binding regulation.  The goal of this research has been to extend our knowledge of 
ligand binding in hxHbs by studying their biophysical and biochemical behaviors. 
While belonging to the same super-family than the well-characterized 
pentacoordinate hemoglobin and myoglobin, studies have revealed that hxHbs are much 
more complex and that pentacoordiante Hbs ligand binding models are not applicable to 
hxHbs.  Despite considerable efforts directed to characterize hxHbs ligand binding 
reactions, actual models are limited and cannot describe the full ligand binding reactions.  
The chapter 2 presents a model that is the most appropriate to describe all ligand binding 
phases.  For the first time, we showed that small equilibrium constant for 
hexacoordiantion is responsible for the presence of significant pentacoordinate from 
quickly reacting with ligand.  The remaining of reaction was attributed to the reaction 
with the hexacoordiante form.  Our analysis also showed that that ligand binding does not 
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only differ from pentacoordiante Hbs but also differ within hxHbs. Therefore, while 
hexacoordination is a natural part of hxHbs function, the mechanism by which it 
regulates ligand binding is significantly different between hxHbs. 
 Hexacoordination can be influenced by amino acids, whose side chains are lying 
in the heme pocket, by directly interacting with HisE7.  Such effect was confirmed in 
chapter 3 that investigated the role of the conserved PheB10 in plant hxHbs.  In riceHb1 
the unique interactions with the PheB10 residue keep the distal histidine in the right 
position for reversible hexacoordination and stabilization of the bound ligand.  However, 
other residues at this position were observed in other hxHbs.  While, in bacteria, TyrB10 
stabilizes directly oxygen, in other organisms the role of B10 residue appears to be 
secondary. In fact ligand binding regulation by the B10 residue is done by interaction 
with the E7 residue affecting its position and therefore the stabilization of the bound 
ligand. 
 The importance of hexacoordination in hxhbs for regulation of their potential 
physiological function was investigated in Chapter 5.  Each class of plant nsHbs display 
unique oxygen affinity that might indicates different functions.  Despite different rate 
constants for ligand binding and hexacoordination, the special combination of those rates 
give rise to similar oxygen affinity within each class.  While high affinity in class 1 nsHb 
agree for a role in NO scavenging, the lower affinity for class 2 nsHbs make them better 
candidate for oxygen transport.  The structure-function relationship can be analyzed for 
the class 1 nsHbs as crystal structure of bound and unbound protein is now available.  
However, no structural data are available for class 2 nsHbs that makes the analysis of 
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ligand binding more difficult.  Future work in this direction might bring the data 
necessary to understand kinetic differences observed between the two classes of nsHbs. 
 Current knowledge point to a function in nitric oxide scavenging and 
detoxification for all hxHbs.  While the kinetic data help us to understand the mechanism 
of their activity the association of that activity to a potential function is uncertain.. 
Chapter 6 is addressing this problem by investigating hxHbs role in cell protection 
against NO using heterologous system.  The results show for the first time that it is not 
possible to distinguish hxHbs in their reaction towards NO.  All hxHbs, in specific 
conditions posses the ability to consume NO in vitro with a rate dependent of the re-
reduction rate.  This result was confirmed in vivo where hxHbs fail in NO protection 
because of poor reduction.  Therefore, NO dioxygenation cannot be considered as their 
function until an efficient reductase partner is characterized in their respective 
environment.  We also investigated the mechanism by which riceHb1 react with NO by 
exploring the role of CysE16 (Chapter 4).  Results show that this residue is not involved in 
NO detoxification or transport (as hemoglobin) but in fact regulates hexacoordination. 
 Characterization of the physiological role(s) or function(s) of hxHbs is of great 
interest.  Despite exciting research and description of many physiologically relevant 
activities, hxHbs indubitable role has not been elucidated.  The present dissertation and 
other recent works contribute in understanding what hxHbs can do and how they are 
doing it.  However, they cannot tell us with certitude what is their real function.  Future 
work addressing the functional roles of hxHbs should investigate and characterized 
protein(s) interacting with hxHbs (like an efficient reductase) and concentrate on in vivo 
studies by creating knock out organisms. 
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